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INTRODUCTION 

1. As the design of stone beams and columns is like 
that of plain-concrete beams and columns, they will all be 
considered in the first part of this Section. 

Both stone and concrete, particularly the latter, are weak 
in resisting bending stresses. This weakness is due not to 
the crushing at the top of a beam but to the lack of tensile 
qualities, which allows the beam to start its fracture on the 
under side. Thus, a beam of concrete or stone never breaks 
as shown in Fig. 1 (a), but always as shown in {b) . Fortu- 
nately, stone beams are seldom used, and plain-concrete 
beams are of still less frequent occurrence. The use of 
stone or plain-concrete beams is confined almost exclusively 
to lintels over door and window openings. In such cases, 
the size of the beam is governed by the architectural effect 
that it is desired to obtain, and the beam will usually be 
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much larger than is necessary for mere strength. Never- 
theless, it is sometimes necessary to calculate the strength 




W 




m 

Fio. 1 

of such beams, and for this reason the engineer should 
understand the methods employed in their design. 



METHOD OF DESIGN 

2. Stone and plain-concrete beams are designed by exactly 
the same method as any other kind of beam, as one of wood, 
steel, or the like. The formula employed is as follows: 

M =^-^ = Ss, 
c 

in which M = bending moment; 

5 = unit stress produced; 

/ = moment of inertia; 

c = half the depth of the beam; 

5' = section modulus. 

dd' 

6 

the breadth of the beam and d is its depth, both measured 

in inches. 



In a beam of rectangular section, 5* = 



in which b is 
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3. Stone Beams. — As was mentioned, the formula given 
in the preceding article can be used in the design of stone 
beams. The only quantity that remains to be known is the 
modulus of rupture. This value for various kinds of stones 
and other materials is given in Table I. 

TABLE I 
MODULI OF RUPTTJKE OF TARIOTJS MINERALS 



Material 



Modulus 
of Rupture 



Slate . 


5,000 


Glass . 


3.000 


Bluestone flagging 


2,250 


Marble, white, Italian 


2,090 


Marble, white, Vermont 


1,850 


Marble, gray, Vermont . . 


1,260 


Granite, Quincy, Massachusetts 


1,800 


Granite, New York 


1,800 


Granite, Connecticut 


1,500 


Sandstone, Massachusetts 


1,080 


Sandstone, Middletown, Connecticut 


1,000 


Sandstone, Ohio ... 


500 


Freestone, Little Falls, New York 


1.730 


Freestone, Belleville, New Jersey 


1,440 


Freestone, Dorchester, Massachusetts 


800 


Freestone, Hubeginy 


650 


Freestone, Caen, Normandy 


450 


Limestone, average value 


1,500 


Brick, common or Philadelphia pressed 


600 


Brick, best hard . 


800 


Rubble masonry in cement 


200 



With the values in this table, a factor of safety of from 
10 to 20 is usually employed when problems dealing with the 
safe load instead of the ultimate breaking load are being 
solved. 
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Example 1. — A stone beam is 6 inches broad and 10 inches deep, 
and it sustains a load of 1,000 pounds in the center of its span. The 
span is 4 feet. What stress is produced? Neglect the weight of 
the beam. 

Solution.— In this case, 5 = 6 in. and d = 10 in. Therefore, 

5=*f = 6Xl0: = 100 
6 6 

Also, / = 4 X 12 = 48 in. and W = 1,000 lb. Therefore, 

7tf=-^i = 1^5°V^ = 12,000 in.-lb. 
4 4 

Substituting these values in the ordinary formula ilf= S s, then 12,000 

= 100 J. Therefore, s = 12,000 -H 100 = 120 lb. per.sq. in. Ans. 

Example 2. — Design a Quincy granite lintel 6 inches wide on a 
5-foot span to carry a total uniform load of 300 pounds per foot with 
a factor of safety of 10. 

Solution.— In this example, fF = 300 X 5 = 1,500 lb. and / = 5 

X 12 = 60 in. Therefore, 

.^ IVl 1,500X60 „ o(;f, • iv, 
M = —5— = - — r = 11,250 m.-lb. 

o o 

According to Table I, the modulus of rupture for Quincy granite 
is 1,800, and if a factor of safety of 10 is used, the value of i is 
1,800 ^ 10 = 180 lb. per sq. in. Therefore, 

6rf» _ 6d'_ „ 
■^ "" 6 ~ 6 '" 
Substituting these quantities in the formula M = Ss, then 11,250 
= d'X 180. Thus, d' = 62.5 and d = 7.906, say 8, in. Ans. 

Example 3. — A bluestone slab must support 200 pounds per square 
foot, including its own weight, with a factor of safety of 15. The sup- 
ports are 10 feet apart. How thick will the slab be? 

Solution. — Any width of slab may be assumed. It will be con- 
venient to assume one that is to be 12 in. wide. Then, JF = 10 X 200 
=- 2,000 lb. and / = 120 in. Therefore, 

o o 

According to Table I, the modulus of rupture of bluestone is 2,250; 
then, i = 2,250 ^ 15 = 150 lb. per sq. in. Also, 

S='-f = '-^ = 2d' 
o b 

Substituting these values in the formula M = Ss, then 30,000 = 2d' 

X 150. Therefore, d" = 100 and d = 10 In. Ans. 
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EXAMPLES FOR PRACTICE 

1. A limestone beam is on a span of 4 feet 2 inches. If the beam 
is 6 inches deep and 4 inches wide, and an allowable stress of 100 pounds 
per square inch is employed, what total load per foot will it carry? 

Ans. 92.16 lb. 

2. A slate beam is 10 inches wide and 12 inches deep and is on a 
span of 4 feet. Neglecting its own weight, what load at the center 
will break this beam? Ans. 100,000 lb. 

3. How thick should a bluestone sidewalk be to carry a total load 
of 300 pounds per square foot with a 'factor of safety of 10? The 
stones are supported at the curb and the building Hne by dwarf walls 
located 16 feet apart. Ans. 16 in. 

4. A glass vault light is 6 inches long and is supported at the ends. 
It must carry 100 pounds per square inch with a factor of safety of 10. 
How thick should it be? Ans. 3 in. 

4. Concrete Beams. — The modulus of rupture of con- 
crete is usually less than that of stone. One should think 
that this modulus of rupture would have about the same 
value as the ultimate unit tensile strength of the material 
since a plain-concrete beam breaks on the tension side. 
This, however, is not the case, and the modulus of rupture 
of concrete is about twice the ultimate unit tensile strength. 
Nevertheless, concrete is still very weak in withstanding 
bending stresses. For this reason, it is seldom used unrein- 
forced for beams. Few tests that give reliable data have 
been made on the material so stressed. Another difficulty in 
regard to determining a value for the modulus of rupture 
of concrete is that many factors have a decided effect on 
this quantity. It is affected by the richness of the mixture, 
the amount of water used in making the concrete, its age, 
the care taken in mixing, the character of the aggregates, etc. 

Table II gives values found by the United States Geo- 
logical Survey at the government testing plant in St. Louis, 
Missouri. These tests are probably as complete as have 
ever been made on plain concrete. Three degrees of wet- 
ness are recognized in mixing the concrete, namely, wet, 
medium, and damp. Wet concrete is such that sufficient 
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water is added to make it semiliquid; damp concrete is 
decidedly granular, with little tendency to lump; while 
medhim concrete is between the other two mixtures. Table II 
is mostly for 1-2-4 mixtures. A 1-3-6 mixture, which is 
seldom used, gives values lower than the 1-2-4 mixture. 
The factor of safety employed is sometimes 6, but usually 
10 or higher, as the strength of concrete is uncertain. 
Instead of using the modulus of rupture for stone and con- 
crete, divided by a factor of safety, sometimes the ultimate 
tensile strength, properly reduced, is used, as the beam really 
fails by tension. Either method should lead to the same 
result, a safe unit bending stress. The best way is to select 
from experience this stress in the first place. Building laws 
usually specify working stresses. Many engineers state that 
plain concrete beams should never be used at all. 

Example. — Design a concrete beam 6 inches wide on a 6-foot span 
to carry at its center 800 pounds, which includes the equivalence of 
its own weight. The safe working stress is to be 30 pounds per 
square inch. 

,. ^^ 800X6X12 ,. .r,r. 

Solution. — The moment is equal to —r- = -7 = 14,400 

in. -lb. Substituting the correct values, 14,400 = — -, — X 30. There- 

o 

fore, cf = 28,800 -:- 100 = 480 and d = 21.91, say 22, in. Ans. 



EXAMPLE FOR PRACTICE 

1. A limestone concrete beam is made of a 1-2^ medium mixture. 
It is 10 inches deep and 8 inches broad. What concentrated load at 
its center will break it at the end of 26 weeks, provided the span is 
7 feet 6 inches and its own weight is neglected? Ans. 3,354 lb. 



COJfCRETB COIjUMNS 

5. Plain-concrete and stone columns may be divided into 
two classes, namely, those which are centrally loaded and 
those which are eccentrically loaded. In either case, the 
height of the column should never be more than twelve 
times the least dimension of the cross-section. 

6. Column Centrally Loaded. — For a centrally 
loaded column, the allowable compressive stress per 
square inch is multiplied by the area of the cross-section of 
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the column to find the allowable load. Thus, if it is decided 
to allow an intensity of stress of 300 pounds per square inch, 
and the column is of square section 10 inches on a side, the 
allowable load will be 10 X 10 X 300 = 30,000 pounds. The 
breaking load on columns between two and twelve times 
as high as the least dimension of their cross-section seems 
to be independent of their height. A column between these 
two limits, however, cannot withstand as high an intensity of 

TABIiE III 

ULTIMATE UNIT CRUSHING STRENGTH OP STONE CON- 
CRETE WITH PORTLAND-CEMENT MORTAR 



Proportion of 
Ingredients 


Compression 
Pounds per Square Inch 


Cement 

■ 


Sand 


Stone 


7 Days 


I Month 


3 Months 


6 Months 




2.0 

2.5 

3-0 

3-5 
4.0 

4-5 
5-0 
5-5 
6.0 


4 
5 
6 

7 
8 

9 

10 

II 

12 


i,6oo 

1,430 

1,250 

1,100 

980 

850 

750 

650 

600 


2,150 
1,950 
1,800 
1,660 
1,520 
1,400 
1,260 
1,120 
1,000 


2,400 
2,250 
2,100 
1,960 
1,820 
1,690 
1,550 
1,420 
1,300 


2,500 
2,350 
2,200 
2,080 
1,950 
1,840 
1,720 
1,600 
1,500 



Note. — For gravel concrete, use 75 per cent, of the figures given in 
the table; for cinder concrete, use 65 per cent. 

stress as a cube, for it is more likely to break by shearing. 
For this reason, when employing values taken from Tables III, 
IV, and V for column calculations, a larger factor of safety 
should be used than with other concrete work. This factor 
is at least 6, and for stone and brick it is 10 or 15 or higher. 
Example 1. — What is the allowable working load on a concrete 
column that is 10 feet high and 12 inches in diameter and made of 
1-2-4 stone concrete 6 months old with a factor of safety of 6? 

Solution. — The cross-sectional area of the column is .7854 X 12° 
= 113.1 sq. in. From Table III, the ultimate crushing strength of 
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1-2-4 concrete 6 mo. old is 2,500 lb. per sq. in. Using a factor of safety 
of 6, the safe intensity of stress is -^ — . 
column can carry is 



Then the safe total load the 



113.1 X 



2,500 
6 



47,125 lb. Ans. 



TABLE IV 

ULTIMATE UNIT CRUSHING STEENGTH OF STONES AND 
STONE MASONRY 



Material 


Compressive 

Strength 
Pounds per 
Square Inch 


Material 


Compressive 

Strength 
Pounds per 
Square Inch 


Granite, Colorado 


15,000 


Limestone, Mar- 




Granite, Connecticut 


14,000 


quette, Michigan 


8,000 


Granite, Massachu- 




Limestone, Consho- 




setts 


16,000 


hocken, Pennsylva- 




Granite, Maine . 


15,000 


nia . . . . 


15,000 


Granite, Minnesota . 


25,000 


Marble, Montgomery 




Granite, New York . 


16,000 


Co., Pennsylvania 


11,000 


Granite, New Hamp- 




Marble, Lee (dolo- 




shire 


12,000 


mite), Massachu- 




Bluestone 


15,000 


setts .' . ... 


22,800 


Sandstone, Middle- 




Marble, Pleasantville 




town, Connecticut . 


7,000 


(dolomite). New 




Sandstone, Long- 




York 


22,000 


meadow, Massa- 




Marble, Italian . 


12,000 


chusetts . 


10,000 


Marble, Vermont . . 


io,ooo 


Sandstone, Hudson 




Slate . . 


10,000 


River, New York . 


12,000 


Bluestone, ashlar 




Sandstone,Little Falls 




piers . 


2,100 


(brown) , New York 


10,000 


Granite, ashlar piers 


2,100 


Sandstone, Ohio 


8,000 


Limestone, ashlar 




Sandstone, Hum- 




piers . 


1,500 


melstown (brown). 




Common sandstone. 




Pennsylvania . 


12,000 


ashlar piers 


1,050 


Limestone, Kingston, 




Rubble piers, cement 




New York . . 


12,000 


mortar . 


900 


Limestone, Garrison 




Rubble piers, lime 




Station, New York 


18,000 


mortar .... 


480 


Limestone, Bedford 








(oolitic), Indiana . 


8,000 
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TABLE Y 
ULTIMATE CRUSHING STRENGTH OF BRICK MASONRT 

PIERS 

{Average Age of Brickwork, 6 Months) 







Compressive 

Strength 
Pounds Per 


Material 


Composition o£ Mortar 






Square Inch 


Wire-cut brick 


I cement, 5 sand 


3,000 


Dry-pressed brick 


I cement, 5 sand 


3,400 


Dry-pressed brick 


I cement, i lime, 3 sand 


2,300 


Repressed brick 


I cement, 5 sand 


1,700 


Light-hard, sand-struck 






brick . ... 


I cement, 5 sand 


1,900 


Light-hard, sand-struck 






brick . 


I cement, 7 sand 


8S3 


Hard, sand-struck brick 


I cement, i sand 


2,100 


Hard, sand-struck brick 


I cement, i lime, 3 sand 


1,500 


Hard, sand-struck brick 


I cement, 5 sand 


1,200 


Sand-lime brick 


I cement, 3 sand 


1,100 


Sand-lime brick 


I lime, 3 sand 


450 


Sand-lime brick . 


Neat cement 


1,400 


Terra-cotta work . . 


I cement, 3 sand 


2,000 



ExAMPLB 2. — Design a square bluestone column, 12 feet high, to 
carry 1,000,000 pounds. Use a factor of safety of 10. 

Solution. — The allowable unit stress, according to Table IV, is 
15,000 -^ 10 = 1,500 lb. Therefore, the required area of the column is 
1,000,000 -h 1,500 = 667 sq. in., and the edge of the column is \lti67 
= 26 in. It will be noted that the load that this column is to carry is 
enormous, while the dimensions of the column do not seem very large. 
It is therefore evident that the architect in designing columns for 
architectural effect usually errs on the side of safety. Ans. 

In designing concrete columns, a layer of concrete 
li inches thick is sometimes added to the outside of the 
column to act as a fireproof covering. This precaution 
should always be taken where there is any danger of fire. 
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7. Eccentrically lioaded Column. — The stress on 
an eccentrically loaded column is computed by the 
following formulas where the eccentricity of the load is 
not great enough to cause tension in the column and is in 
rectangular columns normal to one face. 

For circular columns, 

, = ^ + 8^ (1) 

A Ad 

For rectangular columns, 

. = ^ + ^ (2) 

A Ad 

In these formulas, 

5 = stress, in pounds per square inch, developed 

in the column; 

P = total load on the column, in pounds; 

A = area of column section, in square inches; 

e = eccentricity of eccentric part of load, in inches; 

Pe = eccentric part of load, in pounds; 

d = diameter of column, or dimension measured 

in the plane of the eccentricity, in inches. 

If the total load is eccentric, the formulas just given reduce 
to the following: 

For circular columns, 

. = 5/i + M (3) 



A \ d 
For rectangular columns. 

According to these formulas, it is necessary first, in design- 
ing a column that will stand a given load, to select by 
inspection the section of column that seems to be about 
correct, and then to solve the equation for s. This value of s 
must be less than the allowable working stress it is pro- 
posed to use. If it is larger, a larger area of column must 
be selected, and the problem worked out again; if it is very 
much smaller, possibly too large a section for economy has 



12 CONCRETE BEAM §18 

been selected, and in this case a smaller section should be 
assumed and the equation again solved for s. It should be 
borne in mind that the height of the column must not be 
more than twelve times the least dimension of the cross- 
section, and under certain conditions not more than six times. 

Example 1. — Design a cylindrical column of 1-2—1 stone concrete, 
18 feet high, to carry a central load of 100,000 pounds and an eccentric 
load of 100,000 pounds, the eccentricity being 4 inches. 

Solution.— Since the column is 18 ft. high, it should be at least 
12 in. in diameter. The ultimate crushing strength may be taken as 
2,500 lb. per sq. in. in 6 mo. The safe working stress would, therefore, 
be 2,500 H- 6 = 417 lb. per sq. in. 

A column 28 in. in diameter will be tried first. The area of the 
cross-section is .7854 X 28^, or 615.75 sq.- in. To apply formula 1, 
A = 615.75, P = 200,000, P, = 100,000, '^ = 4, and rf = 28. Substi- 
tuting in the formula, 

200,000 , 8 X 4 X 100,000 oo._Lia« »=ii ,k 
' = -615:75' + 615.75 X 28 = ^^^ + ^^^ = ^^^ ^^- P^"^ "'J- '°- 
This stress is larger than the allowable stress, which shows that the 
column section selected is too small. If a section 31 in. in diameter is 
assumed, then, 

A = .7854 X 31= = 754.77 sq. in. 
Substituting in the formula, 

200,000 ^ 8 X 4 X 100,000 ^„„ ,^ 
' = 164^ + 754.77 X 31" = ^"^ '^- P^"" ^"i- '''■ 
Since this is less than 417 lb., a column of this diameter is safe. 

Ans. 

Example 2. — What should be the size of a column of square section, 
to carry the same load as in example 1, the other conditions being the 
same? 

Solution. — Assuming a column 26 in. square, A = 26' = 676. 
Substituting in formula 2, 

200,000 ^ 6 X 4 X 100,000 ,,„ ,^ 

^ " "676" + 676 X 26 = ^^^ ^^- P" ^"J" '°- 

This is larger than 417, therefore a larger section, say 27 in. square, 
will be tried. ^ = 27' = 729. Substituting in the formula, 
_ 200,000 ^ 6 X 4 X 100,000 ^„„ 

^ 729~ + 729 X 27 == ^^^ ^^- P*"^ ^"^^ '"• 

Therefore, a column 27 in. square is sufficient. Ans. 
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EXAMPLES FOR PRACTICE 

1. A column 15 inches in diameter and 15 feet high is made o£ 
1-2-4 stone concrete; it carries a central load of 40,000 pounds and 
an eccentric load of 30,000 pounds. The eccentricity of the eccentric 
load being 3 inches, what is the intensity of stress produced? 

Ans. 668 lb. per sq. in. 

2. Design a round Maine granite column 18 feet high to carry 
400,000 pounds centrally placed. Use a factor of safety of 10. 

Ans. 18.426, say 18^, in. diam. 



REINFORCED CONCRETE 



BEAMS 



INTRODTJCTION 

8. Authorities ITollo-wed. — The design of reinforced 
concrete is not an exact science. Many engineers and manu- 
facturers have devised excellent formulas to be used in design, 
and such formulas are usually named after their originator, 
as Thacher's formulas, Christophe's formulas, etc. It is 
proposed in this Section to follow somewhat closely the 
recommendations and formulas embodied in the excellent 
progress report of the "Joint Committee." This committee 
was composed of members of the American Society of Civil 
Engineers, the American Society for Testing Materials, the 
American Railway Engineering and Maintenance-of-Way 
Association, and the Association of American Portland- 
Cement Manufacturers, "for the purpose of investigating 
current practice and providing definite information concern- 
ing the properties of concrete and reinforced concrete." 

9. Principal Considerations of Concrete Design. 

Concrete is a material of low tensile strength. Its valuable 
properties are durability, fire-resisting qualities, high com- 
pressive strength, and relatively low cost. Its strength 
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increases with age. In the design of reinforced concrete, the 
tensile strength of the concrete is usually neglected and the 
steel rods that are inserted into the mass are assumed to take 
all the tension. Plain concrete, also, is seldom calculated to 
carry any tensile strains. 

Failures of reinforced-concrete structures are usually due 
to three causes; namely, bad design, poor materials, and 
faulty workmanship. Of bad design, little may be said 
except that the utmost care must be exercised. Every detail 
of a structure must be carefully considered, as it is often on 
the careful and safe design of these details that the strength 
of a structure depends. Special attention must be paid to 
the connections of the various members of a structure. The 
unit stresses employed may be too high. No tuait stresses to 
be used for all cases that may arise are recommended in this 
Section. The engineer must consult the building laws of the 
municipality in which the building is to be erected. These 
values are to be reduced, if necessary, according to the 
experience and judgment of the designer and according to 
the amount of care used in construction. The imit stresses 
employed in the examples in this Section are mostly those 
recommended by the Joint Comraittee. They are for con- 
crete, mixed in the proportions to be specified, "capable of 
developing an average compressive strength of 2,000 pounds 
per square inch at 28 days, when tested in cylinders 8 inches 
in diameter and 16 inches long, under laboratory conditions 
of manufacture and storage, using the same consistency as 
is used in the field." These stresses are higher than are 
allowed in some large cities; but, again, the stresses allowed 
in some cities are considered by many engineers to be too 
conservative. 

Only Portland cement should be used for reinforced con- 
crete. Cinder concrete is not suitable, and only suitable 
first-class steel should be employed. The concrete should 
be properly made out of suitable and sufiicient materials. 
It should be properly placed under suitable weather con- 
ditions, and the forms should be left up a sufficient length 
of time to allow it to attain sufficient strength to support itself. 
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10. Aggregates. — Concrete, as mentioned elsewhere, 
is made of cement and aggregates. The Joint Committee 
divides the aggregates into two divisions ; namely, fine and 
coarse. "I'ine aggregate consists of sand, crushed stone, 
or gravel screenings, passing, when dry, a screen having 
■J-inch diameter holes. * * * Coarse aggregate consists 
of inert material, such as crushed stone or gravel, which 
is retained on a screen having J-inch diameter holes. For 
reinforced-concrete members, a size to pass a 1-inch ring, or 
a smaller size, may be used." In both fine and coarse aggre- 
gates, a gradation of the size of the particles is generally 
advantageous. In all cases, the aggregates should be of first- 
class quality, free from soft material and long or fiat particles. 

In regard to the proportions of aggregates, the Joint 
Committee states: "For reinforced-concrete construction, 
a density proportion based on 1-6 should generally be used; 
that is, 1 part of cement to a total of 6 parts of fine and coarse 
aggregates measured separately." If twice as much coarse 
aggregate as fine aggregate is used, this proportion will 
become 1-2-4, which is a richness of mixture often used for 
reinforced concrete. For important work, different propor- 
tions of fine and coarse aggregates may be made into -test 
pieces of concrete, so that the strength of the concrete can 
be determined. In columns, a mixture of concrete richer 
than 1-2-4 is often required. In great masses, where the 
concrete is used principally for its compressive strength and 
its weight, poorer mixtures may be employed. In all cases, 
careful judgment should be exercised in selecting the pro- 
portions best suited to the conditions of the problem. 

The concrete should be mixed with just enough clean water 
to permit it to flow into the forms and about the metal rein- 
forcement and yet not cause the broken stone to separate 
from the cement and sand when the concrete is being con- 
veyed from the mixer . Retempered concrete should not be used . 

11. Details of Design. — In regard to stopping off work, 
the Joint Committee states: "For concrete construction, it 
is desirable to cast the entire structure at one operation, but 
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as this is not always possible, especially in large structures, 
it is necessary to stop the work at some convenient point. 
This point should be selected so that the resulting joint may 
have the least possible effect on the strength of the structure. 
It is therefore recommended that the joint in columns be 
made flush with the lower side of the girders ; that the joints 
in girders be at a point midway between supports, but should 
a beam intersect a girder at this point, the joint should be 
offset a distance equal to twice the width of the beam; that 
the joints in the members of a floor system should, in general, 
be made at or near the center of the span. Joints in columns 
should be perpendicular to the axis of the column, and in 
girders, beams, and floor slabs perpendicular to the plane 
of their surfaces." Tongued and grooved expansion joints 
in plain concrete should be made about every 50 feet. 

After concrete has been deposited in column forms it shrinks 
somewhat. For this reason, girders should not be con- 
structed over columns until at least 2 hours after the columns 
are placed. If the concrete in the columns has become hard, 
it should be cleaned and slushed with mortar to insure a good 
bond. 

12. One important factor to be considered in reinforced 
concrete is the loads. In the design of reinforced-concrete 
beams, columns, and slabs, the weight of the column, beam, 
or slab must never be neglected, because the dead load in 
reinforced concrete forms a large proportion of the total load. 
Therefore, the weight of the beam itself must always be 
included in the dead load. If a live load is suddenly applied, 
or is moving or vibrating so that the structure is subject to 
impact, vibration, or shock, special precautions must be 
taken. It is customary to add a certain percentage to such 
a load and thus reduce it to a quiescent live load that has an 
equivalent effect. Fortunately, such loads are rarely encoun- 
tered except in railway bridges, which are problems for the 
bridge engineer. 

The Joint Committee states that "the span length for beams 
and slabs shall be taken as the distance from center to center 
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of supports, but shall not be taken to exceed the clear span 
plus the depth of the beam or slab. Brackets shall not be 
considered as reducing the clear span in the sense here 
intended." 

DESIGN OF SIMPLE KECTANGULAR BEAMS 

13. Neutral Axis. — In speaking of beams, the neutral 
surface is a surface above which, in a simple beam, the fibers 
of which the beam is composed are in compression and below 
which the fibers are in tension. If a cross-section of the 
beam is taken, this neutral surface will show as a line, and 
it is known as the neutral axis, as explained in Theory of 
Beams. Now, in ordinary beams made of a single material, 
as wood or steel or the like, this neutral axis always passes 
through the center of gravity of the section. With beams 
composed of concrete and steel, however, this is not the 
case. Here, the neutral axis is the line where there is no 
stress, but the center of gravity of the section is not located 
on it. 

14. Assumptions Used in the Derivation of For- 
mulas. — Two assumptions are made in deriving the formulas 
for beam design. The first assumption is that all the tension 
is taken up by the steel. Inasmuch as the concrete, as explained 
in Art. 9, cracks easily, no reliance is put on its strength, 
and the steel rods are assumed to take all the tension. Above 
the neutral axis, however, the concrete withstands the com- 
pressive strains. 

The second assumption is as follows: Any plane cross- 
section of a reinforced-concrete beam remains a plane after the 
beam is loaded and, therefore, bent. This matter will be better 
understood on referring to Fig. 2. In (a) is shown an end 
view of a beam, and in (6) a side view. The reinforcement is 
indicated by a. When the beam is loaded, it sags, or deflects, 
somewhat, and although this sag is usually so small that it 
cannot be seen, it is there nevertheless. This sag is due to 
the fact that the fibers in the top of the beam compress and 
shorten up while the steel in the bottom of the beam stretches. 
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In (c), a portion of the beam is shown on an enlarged scale. 
This portion of the beam is the one just at the right of the 
cutting plane ef in view (b) . When the beam is loaded, 
the fiber at g is compressed and pushed over to g' ; also, the 
steel at h is stretched until it extends to h' Now, g and h 
are in the cutting plane and, according to the second 
assumption, g' and h', which are the new positions of the 
fibers, are also in one plane. Of course, the distances g g' 
and h h' are greatly exaggerated in the figure to make this 
matter clear. 

15. Notatioii Used. — In the formulas about to be con- 
sidered, the following notation will be used: 

5; = tensile stress, per square inch, in steel ; 

5c = maximum compressive stress, per square inch, in 

concrete ; 
£j = modulus of elasticity of steel ; 
£c = modulus of elasticity of concrete; 
w = ratio of modulus of elasticity of steel to that of con- 

Crete = — ^ ; 

e; 

M = resisting moment or bending moment, in inch-pounds; 
A =area of steel in tension, in square inches; 

6 = breadth of beam, in inches (see Fig. 2) ; 

(i = depth of beam, in inches, from center of steel to top 
of beam (see Fig. 2) ; 

p = proportion of steel = — . 
b d 

Both k and / are coefficients to be regarded as follows: Let 
the distance from the neutral surface to the top of the beam 

be called x. Then, the value of k is taken so that k = -. 

d 

Then, x = k d, which is the value given in Fig. 2 (6). In what 

follows, it is always more convenient to use k d in place of x. 

In a similar manner, the distance from the center of the 

steel to the center of compression of the concrete is called / d, 

as shown in (6). 
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16. Derivation of Formulas. — Consider Fig. 2 (c). 
The angle hNh' is equal to the angle gN g'. Both the 
angle N gg' and the angle N hh' are right angles ; therefore, 
the triangles g g' N and hh' N are similar and 

length hh' _ length N h 
length gg' length A/' g 

Now, the length Ng = kd and the length N h = d — k d; 
also, g g' is the deformation in the fiber of concrete at the 
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top of the beam. The modulus of elasticity is equal to the 
stress divided by the deformation, or strain; that is, E^ = — ~, 



S , . 5 

or gg' = -^- Likewise, hh'^-^. Putting these values in 
E, E, 



the equation just given. 



s, Er d — kd 



ScEs 



77 7^ ^ 

However, ~^ = w, or — = -. 
E, E, n 



kd 

Substituting this value, 



_5^^ d-kd_d(l-k)_l-k 

s^n k d dk k 
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Next, consider the section e / in Fig. 2 (b) . The concrete 
above the neutral axis is pressing apart the two parts of 
the beam on both sides of this section, and the steel below 
the neutral axis is holding together the two parts of the 
beam. It is evident that the concrete cannot push harder 
than the steel can pull, for if it did the two halves of the beam 
would separate. Therefore, the pull in the steel must just 
equal the push in the concrete. The amount of pull in the 
steel is, of course, equal to the area of the steel multiplied by 
the unit stress in the steel, or A s^. The total compression 
in the concrete can be seen by examining view (b). The 
greatest unit stress in the concrete is ^^v This stress occurs 
at the top surface of the beam, and from this point down 
the stress decreases until at the neutral axis it is zero. The 
shaded triangle in this view will serve to give an idea of the 
change of stress. The area on which the compression acts is 
bxk d, and the average stress acting on this area is one-half 

the maximum stress, or — . The total compression is there- 

. b k d Sc -r^ . , . , 

fore -. Equatmg this to the tension, 

As, ^'"^'^ 



Transposing, 



2 
bkd 



2 A 



s 1 —k 

By transposing n in the equation — ^ = , which has 

s^n k 

been already derived, there results 
5, n{l-k) 



s 

Equating these two values of — , 

bkd_n (l-k) 

Ya k' 

T, X ^ bd 1 ^ ^ . . 

But —~ = p, or — = -. Substituting this value, 
bd A p 
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k _^ n (1-fe) 
2p k 

and solving for k, 



k= ■^2pn+{pny-pn (1) 

The value for / will next be found. The center of com- 
pression of the concrete is, of course, at the center of gravity 
of the shaded triangle which represents the stress in the 
concrete; that is, one-third oi k d from the top of the beam. 
The value of / is therefore found as follows : 

jd^d-^kd = d {l-^k) 

Then, j=l-^k (2) 

The resisting moment of the beam must now be found. 
This is equal to the total compression of the concrete multi- 
plied by the distance of the center of pressure from the 
neutral axis, added to the total tension in the steel multiplied 
by the distance of its center of tension from the neutral axis. 
As the total compression in the concrete is equal to the total 
tension in the steel, the resisting moment is equal to either 
the total tension in the steel or the total compression in the 
concrete multiplied by the distance between the center of 
tension and the center of compression, or / d. Therefore, the 
resisting moment may be expressed in terms of either the 
compression in the concrete or the tension in the steel. 
Therefore, 

M = A s,id = p s.jbd^ 

and M = bkd/^jd 

2 

Transposing both these equations so as to solve for the 

stress, 

M M ,„, 

A jd p j b d^ 

and 5, = (4) 

jkbd' 

17. To Design a Simple Beam. — To design abeam, first 
assume values for p, n, and either d or b, preferably the for- 
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mer, and find k by the formula k = '\2pn+ (pny~pn. 

Then find / by the formula j=\ — \k, and calculate M from 

the loads to be carried. Next, assume a value for 5^ and 

M M 

find either & or <i by the .formula s, = -. = . Then 

Ajd pjbd? 

find 5, by the formula 5, = = . 

jkbcP k 

The value found for s^ must not be excessive. If it is, a 

new value must be assumed for p and the problem reworked 

or the. moment reduced until s^ is safe. 

18. As an example, design a beam on a 20-foot span to 
carry 1,000 pounds per foot. This load includes its own 
weight. Assume for the example that- the total depth of the 
beam is 30 inches, and as the steel must be kept up a little 
from the bottom, let ^ = 28 inches. Assume that ^=.006, 
and as a value for n take 15. Then, 

k= V2 pn+(pny-pn 

= V2X. 006X15 +(.006X15)2 - .006 X 15 = .343 

and y=l-ife=l-iX.343 = .886 

Assume that 5^= 16,000 pounds and that A=pb d=.O06 b 
X 28. Then, 

Wl (20 X 1,000) X 2 ,„„„„, , 

-~ = =50,000 foot-pounds 

8 8 

Therefore, M= 50,000 X 12 = 600,000 inch-pounds. 

Substituting these values in the formula s, = -—~- it 

Ajd' 

, icnnn 600,000 

becomes 16,000 = - _ , which reduces to 

.006 6 X 28 X. 886X28 
6 = 8.998, say 9, inches. 

Substituting the correct values in the formula 5 = ^ 

/ k b J'-' 
2X600,000 

'^~:^^^3i^¥^^^-2"8='''-'' '"y '''• 

pounds per square inch. 



§ 18 AND COLUMN DESIGN 23 

If the designer considers this value of s^ to tie safe, the 
beam may be said to be correctly designed. 

19. The objection to the method of design just given is 
that 5j is assumed and s^ is found. This value of 5^ may be 
too large or too small, and perhaps a new value of p must be 
assumed and the calculations remade. Of course, a beam 
is most economical when the maximum allowable unit stress 
in the steel is realized under the same load that realizes the 
maximum allowable unit stress in the concrete. If the steel 
reaches its maximum allowable stress first, then the beam 
cannot be loaded further until the maximum allowable unit 
stress in the concrete is reached, because the steel would then 
be overstressed. In such a condition, not enough steel is 
used to develop the full stress in the concrete. On the other 
hand, if too much steel were used, the strength of the beam 
would be limited not by the maximum stress in the steel, 
but by the maximum stress in the concrete which would be 
developed under a smaller load. Often, in practical design, 
conditions are imposed that fix the value of p or d, when the 
beam may be designed as just outlined. Its resisting moment 
is in this case limited either by the stress in the concrete or 
that in the steel. However, when nothing else interferes, 
it is often convenient to select such a value of p that the 
maximum allowable stresses in the concrete and steel are 
both reached under the same load. Some engineers call such 
a value of p the most economical value and others refer to it as 
the critical value. 

To find this amount of steel, the following method is 
adopted: From the discussion in Art. 16, 

s^n k 
Solving for k, it becomes 



fe = - 



n — 
s. 
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Since, at any section, the total compression in the concrete 
is equal to the total tension in the steel, 

Sc k db 



= As, 



Transposing, k = 



2 

2 A 5, 



bdsr 



But — = *; therefore, 
bd ^ 



k^^-^ 



Equating the two values of k thus found, 



^s 2ps, 






Solving for ^, P=i 






20. A beam can now be designed by using the critical 
value for p. First assume values for s^;, s^, and n and find p 
by the formula 

■ ■ ' (1) 







-) 


Then 


find k by the formula 


V 




k= ^2pn+(pny- 


■p n 


and find 


. j by the formula 





(2) 



(3) 

Next, assume either li or 6 and find the other by either the 
formula 

M _ M 
^' Ajd pibd"" ' 
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or the formtila 



2M 
' jkbd^ 



(5) 



If a value for p other than that found by formula 1 is used, 
then both formulas 4 and 5 must be solved so that the safe 
value of neither s^ nor 5^ will be exceeded. 

In actual practice, the designer fixes on values for n, s^, 
and Sc and solves formulas 1, 2, and 3 once for all. The 
values assumed in this Section will be n=15, 5^=16,000, 
and Sc = 650 for concrete capable of developing a compres- 
sive stress of 2,000 pounds in 28 days, tested as previously 
stated and for steel specified by the committee. Many cities 
do not allow values so high, and the designer must be gov- 
erned by the law. However, as some values must be used 
for illustration, the ones just given will be used in this Sec- 
tion to serve as examples and because they are recommended 
by the Joint Committee. It is therefore proposed to solve 
formulas 1, 2, and 3 once and for all for this Section. 

Using values recommended by the Joint Committee and 

substituting them in the formula p = iX — ; 

^^(^ + 1 
s^ \n Sc 

p = iX —^ r = .00769 

16,00 / 16,000 A 

650 \15X650 / 
Substituting this value in formula 2, or 
k= -^p n+ (p nY~p n, 
k= V2 X. 00769 X 15 -t- (.00769 X15)'2-. 00769X15 =.379 
Substituting this value in formula 3, or j=\ — \k, 
7=l-iX379 = .874 

If 5, is taken at 15,000 to 16,000 and s, at 600 to 650, the 
Joint Committee states that for approximate results ;' may 
be taken at |. This would make k equal to f . 



26 CONCRETE BEAM § 18 

21. As an example, design a concrete beam to carry 
900 pounds per foot on a span of 30 feet. This load includes 
the weight of the beam. The total bending moment is 

900X30X30^ 101,250 foot-pounds, or 101,250X 12= 1,215,000 

8 

inch-pounds. Taking the approximate values fe = f and /=|, 

assume that d=26 inches. Substituting the correct values 

2X1 215 000 

in formula 5, Art. 20, 650 = '- '- ; therefore, 

iX%XbX2Q' 

b= 2X1,215,000 _ jg gg^ ^g^^ jj^^j^gg 

|X|X650X26^ 

The area of steel required is, then, p b d =. 00769 X 16|X 26 

= 3.374 square inches. As the economical value for p was 

used, the work can be checked by formula 4, Art. 20; thus, 

M 1,215,000 _„„„ , 

5, = = ' ' =15,829 poimds, 

Ajd 3.374X1X26 

which is a close approximation to 16,000 pounds. 

If the value of p is not the critical value, but is near it, 
the values found for / and k may be used for approximate 
results, because when used in their formulas under proper 
conditions both err on the side of safety. 

Example. — Design a beam on a 27-foot span to carry besides its 
own weight a load of 3,700 pounds per foot. 

Solution. — First, a value for the depth of the beam must be 
assumed. Thus, assume that the beam is 50 in. deep from the top 
surface to the bottom surface. As the steel must be up a few inches 
in the concrete, let it be 'assumed that ii = 48 in. The weight of the 
beam is not known and must be assumed. It may be assumed at 
1,100 lb. per ft. After the design is completed, the accuracy of this 
assumption may be tested. 

The total load is then (3,700-1- 1,100) X 27= 129,600 lb. The 

129 600X27X 12 

bending moment is '■ =5,248,800 in. -lb. For approxi- 

8 

mate results, assume, as stated by the Joint Committee, that 

y = -g- and fe = f . Substituting the correct values in formula 5, Art. 20, 

it becomes 

_ 2M 2X5,248,800 
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Therefore, 6 = 21.36, say 2lf, inches. A=p 6 d= .00769x211x48 
= 7.89 sq. in. 

Checking by formula 4, Art. 20, 

M 5,248,800 

5, = = — ■ ^ = 15,839, 

' Ajd 7.89X^X48 

which is a fairly close approximation. 

50 X 21"^ X 150 

The -weight per foot of the beam is = 1,113 lb. This 

^ ^ 144 

is 13 lb. more than the assumed weight, but for many purposes it is 

close enough. The problem, therefore, need not be reworked. Ans. 

Example 2. — Using the critical value of p, design a floor slab on a 
12-foot span to carry safely 500 pounds per square foot besides its 
own weight. 

Solution. — In the design of a slab it is customary to consider a 
section of the slab 12 in. wide. Assume first that the weight of the 
slab is 150 lb. The total load per square foot is then 650 lb. and the 
load on the entire strip is 650X12 = 7,800 lb. The moment is there- 
fore 

Wl 7,800X12X12 , „ ^„„ . ,^ 

=- = 140,400 in. -lb. 

8 8 

It is noted that a width of slab of 12 in. is considered. Therefore, 

the value of b is fixed and that of d is found by formula 5, Art. 20. 

Thus, 

2M 2X140,400 

: = 650 = ; 



Therefore, d= 10.48, say lOj, in, 

A, or the area of steel in a strip 12 in. wide, is A = ^d6 = .00769 
X 102X12=. 97 sq. in. for each foot in width. Checking the design 
by formula 4, Art. 20, 

M 140,400 

5,: = i r = 15,754 lb., 

Ajd .97x|xl0i 

which is a close approximation. 

Now, below the steel there should be 1 in. of concrete; therefore, 
the total depth of the slab will be lO^-l- 1 = 11^ in. A square foot of 

ni 

slab therefore weighs X 150 = 144 lb., which is close enough to 

150, the value assumed. Ans. 
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EXAMPLES FOR PRACTICE 

1. Design to the nearest half inch a concrete slab on a 14-foot 
span to carry 500 pounds per square foot, besides its own weight. 
Put 1 inch of concrete below the reinforcement. 

f 13 2^ in. total thickness 
■\l.l5 sq. in. of steel per ft. 

2. Design a beam to carry 1,000 pounds per foot on a 12-foot span. 
This load includes the weight of the beam. Make the total depth of 
the beam 17 inches and place the steel 2 inches from the bottom of 
the beam. . f Width of beam, a little over 9 in,, say 9i in. 

^■\Area of steel, 1.07 sq. in. 

3. Design a beam to carry a total uniformly distributed load of 
100,000 pounds on a 27-foot span. Make the total depth of the beam 
55 inches and raise the steel up 2 inches from the bottom. 

/Width of beam, a little over 132- in., say 13f in. 
'\Area of steel, 5.6 sq. in. 



22. In all the preceding problems, k was taken as f and 
j as f in order to get uniform results. It must be remembered, 
however, that these values are approximate when using 
values for s^, s^, and n as already given or when using values 
near them. These approximate values will often be found 
close enough for practical work. Nevertheless, the designer 
must always bear in mind that the values are approximate, 
and if greater accuracy is required, the method explained in 
the first part of Art. 20 must be followed. 

For various reasons the value of p is not always taken at 
.0076^, but is sometimes taken near that value. If it is less 
than the critical value, then b may be found approximately 

by the formula 5,= . 

pjb(P 

In a similar manner, if the value of p is more than the 

critical value, the formula s, = will not give safe 

p jb d? 

values, because it is the concrete that will then be overstressed 

first and b must be found by the formula 5. = If the 

jkb(P 
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value for p is not the critical value, but is near it, the values 
found for / and k may be used for approximate results, 
because when they are used in their proper places both err 
on the side of safety. 

23. The problem of design is often presented in this 
way: The values of b and d are determined and the beam 
must be designed to withstand a given moment M. Accord- 
ing to formula 4, Art 20, 5^ = . Substitute in this 

A j d 

formula values for s^, M, and d. The value of / must be 
assumed to be ^; its exact value cannot be found because p 
is not known. Solve this formula for A. As a check, find p 

from p = — . If the value thus found is less than the critical 
bd 

value, the beam is safe, because the value of / assumed is 

for the critical value and is greater for all values of p less 

than this. 

24. As an example, find out how much steel is required 
in a beam to resist safely a bending moment of 200,000 inch- 
pounds if 6=12 and d=20. 

Here, 16,000= ^QQ'QQQ __ Therefore, A = .7143 square inch 
AXIX20 

and p = - = .00298. As this value is less than the 

12X20 

critical value, the beam will not fail on account of crushing 
the concrete, and the design is therefore safe. The assumed 
value of j is for a critical value of p ; for the actual value of p, 
it is found to be too small. This inaccuracy, however, errs 
on the side of safety. If desired, a slightly smaller value of A 
may be assumed and the problem checked by finding a value 
for j that corresponds exactly to this value, but such refine- 
ment is not often followed. 
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EXAMPLES FOR PRACTICE 

1. A beam is 10 inches wide and d is equal to 14 inches. It carries 
a total load of 1,000 pounds per foot, including its own weight, on a 
span of 8 feet. How much steel is required ? Ans. .484 sq. in. 

2. How much steel is required in a beam when M = 500,000 inch- 
pounds, 6 = 16 inches, and (i = 24 inches. Ans. 1.488 sq. in. 



25. It is understood that the preceding method is safe 
only when the concrete is not overstressed. This is taken 
care of by using the formula only when p comes less than 
the critical value. 

The Trussed Steel Concrete Company, manufacturers of the 

Kahn bars, publish a popular approximate form of the formula 

used in the preceding problems. It is derived as follows: 

First the value for s^ is taken at 750 pounds per square inch. 

This value is high, but is sometimes used for the best rock 

concrete. With 5^ equal to 16,000, with the preceding value 

of Sc, and with n equal to 15, the value of p, from formula 1, 

Art. 20, is about .01 and that of / is about .86. Substituting 

M 

these values in the formula 5s = and transposing, it 

A j d 

becomes M= .86X16,000 d A, or M= 13,760 d A. In other 

words, to design a beam, assume d and find M, and then 

solve for A by the formula M= 13,760 (i A. The value of A 

found must be less than 1 per cent, of b d. This formula 

assumes stresses in the concrete of 750 pounds, which is high; 

if lower stresses in the concrete are desired, the value of A 

should be kept less than 1 per cent of b d. 

The same manufacturers use the same formula for T-shaped 

beams when the neutral axis comes in the slab. If the slab 

is sufficiently thick and sufficiently broad, 2 or more per 

cent, of steel may be used in T beams, meaning of course, 

2 per cent, of the rectangular part of the beam above the 

steel. For safety, however, the stresses created should be 

checked by the methods given later or by the tables made 

for that purpose. 
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26. To Investigate a Simple Beam. — It often happens 

that a beam is already built, or at least the dimensions are 

decided on, and it is necessary to decide whether the beam 

will carry the required load. In such cases, b, d, and A are 

measured and p is calculated; also, M can be calculated 

from the load that the beam carries or is to carry. First, 

a value of n is assumed and k is found by the formula 

k = ^2 p n+ (p ny — pn. Then / is found by the formula 

M 

j=l — ^k. Next, 5j is found by the formula 5^ = and 

A j d 

Sc is found by the formula 3^ = . If p is greater than 

j k b d^ 

the critical amount, the strength is limited by the stress in 

M 

the concrete and .s, = need not be solved. If p is less 

Ajd 

than the critical amount, the strength is limited by the stress 

in the steel and the formula 5, = need not be solved. 

jkbd^ 

27. As an example, assume that a certain beam is 
12 inches wide and 24 inches deep. It is reinforced by two 
l^-inch round bars. This reinforcement is 2 inches from the 
bottom of the beam. It carries a load of 700 pounds per 
foot, which includes its own weight. The span is 24 feet. 
Is the beam safe? 

The area of a l^-inch round rod is about If square inches. 
Therefore, the area of both rods is 3j square inches. Then, 

^ = A = _i:^ = .0133 
bd 12X22 

Assume, as elsewhere, that m=15. Therefore, 

k= V2 X .0133 X 15 + (.0133 X 15)^- .0133 X 15 = .4629 
and /=1-JX. 4629=. 8457 

Now, the value of p is greater than the critical amount. 

Therefore, the strength is limited by the stress in the con- 

rru ■ ^- 700X24X24X12 „„,„„„ 
Crete. The maximum moment is = 604,800. 
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Substituting the correct values, therefore, in the formula 
2M 



jkbcP 

2X604,800 



- = 532 pounds. 



.8457 X .4'629 X 12 X 22 X 22 

which is safe. As p is greater than the critical amount, 
Sj is still safer. 

28. Sometimes the problem is varied somewhat from 
that already given, and is as follows: A beam of a certain 
size has a certain amount of steel. What safe load will it 
carry ? 

In such a case, the method of procedure is almost the same 
as before. First, find p, j and k, as usual; then assume 

5^ and s^ and find M by the formula s^j = — ^, or s^ = 



Ajd jkbcP. 

If p is less than the critical percentage, use the first formula ; 
if more than the critical percentage, use the second one. 

29. As an example, assume that a beam is 15 inches wide 
and has a total depth of 30 inches. The steel consists of 
three 1-inch square rods raised 2 inches off the bottom. 
What safe uniformly distributed load will the beam carry 
on a span of 10 feet? 

3 

First, find the value of p. In this case it is = .00714 

15X28 
Then, 

k= V2X. 00714X15+ (.00714X15)2-. 00714X15=. 368 
and /=l-iX.368=.877 

As p is less than the critical amount, the steel limits the 
strength of the beam because it will exceed its safe value 
first. Therefore, 

" ""-, or 16.000^ ^ 



Ajd 3 X .877 X 28 

Then, M= 1,178,688 inch-pounds. The moment is equal 

W I 
of course, to ; therefore, as Z= 10X12= 120 inches it is 
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1,178,688 = — ^^^, and 1^=78,579 pounds. The load per 
8 

foot is therefore 78,579-^10 = 7,858 pounds. The beam 

15X30 

itself weighs X 150 = 469 pounds per foot. Therefore, 

144 

the total extra load per foot that the beam will safely carry, 

besides its own weight, is 7,858 — 469 = 7,389 pounds. 



EXAMPLES FOR PRACTICE 

1. A beam 7 inches in width and 16 inches in total depth is rein- 
forced with one l4--inch round rod placed Ij inches from the bottom. 
What stress is produced in the concrete if it carries besides its own 
weight 2,740 pounds per foot on a span of 6 feet 8 inches? 

Ans. x^ = 680 lb., which is high, but is sometimes used 

2, A slab is 4 inches thick and it is reinforced with f -inch round 
rods placed 6 inches apart. The rods are up 1 inch from the under 
surface of the slab. The span is 6 feet. What load besides its own 
weight will it safely carry? Ans. About 124 lb. per sq. ft. 



CONTINUOUS BEAMS 

30. The beams so far considered have been simple beams. 

The bending moments have, of course, been calculated by 

the ordinary bending-moment formulas. Thus, for a uni- 

W I 
formly distributed load, the moment is , in which W is 

the total load and I is the span from center to center of 
supports. If a beam or a slab is continuous, the bending 
moment between the supports is reduced and a negative 
moment is created over each support. It is not possible to 
calculate exactly how much the bending moment is reduced 
by making the beam continuous, and, besides, the matter is 
not looked upon in the same light by all engineers. 

The Joint Committee recommends that for the inside spans 
of all continuous beams and floor slabs having more than 
three supports and of moderate length, the moment be taken 

as instead of , and that the same moment be con- 

12 8 
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sidered to act in the opposite direction over each support. 

The end spans of continuous beams are continuous only at 

one end, the outside end being of course like a simple beam. 

The Joint Committee recommends that for beams the bending 

W I 

moment at the middle of the end span be considered as , 

10 

and the negative moment at the adjoining support be taken 

at a like amount. The bending-moment formulas, of course, 

are for a uniformly distributed load. No formulas are offered 

for concentrated loads, and the designer must use his own 

judgment when reducing moments in such cases. After the 

bending moment is found, the problem is solved as usual. 

31. As an example, design a middle span of a continuous 
beam to carry a load, including its own weight, of 1,000 
pounds per foot; the span is 12 feet. 

The total load is 1,000X12=12,000 pounds, and the 

^ . Wl 12,000X12 ,^^^^ , ^ 

maximum moment is = =12,000 foot-pounds, 

12 12 F ' 

or 144,000 inch-pounds. Assume that d=12, and use the 
critical value of p, which is taken as .00769; then, substituting 

.u T ■ ^.u ^- 2M „_ 2X144,000 
the values m the equation 3^ = - , 650 = - 



jkbd' 1X1X6X12^ 

Therefore, 6 = 9.38, say 9^, inches and ^ = .00769x12-1-9^ 

M 144 000 
= . 88 square inch. Checking by .s^ = , it is .?, = '- 

Ajd .88X1X12 

= 15,584 pounds per square inch, which is close. This metal 
must be put at the center of the span, and over each sup- 
port at the top of the beam. 

Usually, part of the reinforcement in the bottom of the 
beam is bent upwards to form the reinforcement over the 
supports, and additional reinforcement must sometimes be 
added to make up the required amount. This reinforce- 
ment in the top should extend as far as there is any reverse 
bending moment, usually one-quarter of the span each way, 
or three-tenths. The rods bent up from the bottom may 
usually be bent up so that they will cross the neutral surface 
at the point of contraflexure. Care must be taken to insure 
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that the rods at the top of the beam over the supports are 
properly anchored so as to prevent them from slipping out 
of the concrete. 

Some engineers claim that the effect of the reverse bending 
moment is uncertain, owing to the liability of one support 
settling slightly. Building laws usually cover this practice. 
If there is any chance of live loads being unbalanced on adja- 
cent spans, it is illogical to consider the beam as continuous 
so far as the live load is concerned. Whether the beams are 
designed as continuous or not, the reinforcement should be 
secured over the supports to take up reverse bending moments. 



SLABS REINFORCED IN BOTH BIRECTIONS 

32. Sometimes square slabs have been reinforced in both 
directions. The gain is more apparent than real. Although 
the bending moment each way is about half the original in 
square slabs, the exact moments and the method of failure 
are not known, which makes accurate design impossible. 
Also, the two extra side beams must be strengthened to carry 
the slab at the sides. The load on the four supporting beams 
is not uniform but is a maximum at the center and is assumed 
to reduce to zero at each beam support, a more severe con- 
dition than a uniform load. If the slab is not square, the 
shorter span carries by far the larger part of the load, and if 
it is IJ or more times as long as wide it should never have 
cross reinforcement. Slabs supported on four sides are not 
recommended, as they cannot be accurately designed, espe- 
cially those that are not exactly square. 



BEAMS WITH DOUBLE REINFORCEMENT 

33. Sometimes, when a beam is used in certain locations, 
as, for example, a lintel over a window, both its thickness 
and its width are limited. If there is not sufficient room to 
build a beam as ordinarily designed to carry the required 
load, the beam must be strengthened in some manner. 

One way of strengthening the beam is to insert a steel 
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I beam in the concrete. In such a case, the I beam should 
be designed to carry all the load. 

If it is decided to use true reinforced concrete, resort must 
be had to some other expedient. By increasing the amount 
of reinforcement in the bottom of the beam, the concrete in 
the top of the beam will fail first. . It is true that increasing 
the amount of steel reinforcement will lower the position of 
the neutral axis. Therefore, if the amount of reinforcement 
is doubled, the beam will hold about 20 per cent, more load 
than when no excess of reinforcement occurs, although the 
concrete will fail first. An increase of strength gained by 
such a method is too expensive. 

The usual way of increasing the strength of a beam, the 
size of which is limited, is by using double reinforcement; 
that is, reinforcement placed at both the top and the bottom 
of the beam. The reinforcement at the top is in compres- 
sion and assists the surrounding concrete to withstand the 
stress put upon it. Although this method is not any too 
economical, it is the best one to follow when the necessity 
arises. 

34. The derivation of the formulas for such reinforce- 
ment will be omitted here, and only the formulas themselves 
will be given. They are derived along lines similar to those 
used for simple beams. The same notation is used as with 
simple beams, but the following additional characters are used : 

A' = area of compressive steel, in square inches; 

A' 
p' = ratio of compressive steel = — ; 

s/ = unit compressive stress in steel, in pounds per square 

inch ; 
d' = depth from center of compressive steel to top of 

beam, in inches; 
z= distance from center of compression to top of beam, 
in inches. 

35. The diagram of the conditions of the beam is shown 
in Fig. 3. In double-reinforced beams the breadth and the 
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total depth are known from the conditions of the problem. 
The value of d is 1^ or 2 inches less than the total depth. 
Then, virtually, b and d are known. Also, the bending 
moment is known. Then, from formula 3, Art. 16, an 

approximate value of 
A maybe found. Sub- 
tract from this value 
of A the critical 
amount of reinforce- 
ment. The remain- 
der is the steel that 
^'°- 3 must be taken care of 

by steel in compression. Usually, it will take about 2^ square 
inches of steel in compression for each square inch of the calcu- 
lated excess of steel in tension. The compressive steel is usually 
so placed that d' equals 1^ to 2 inches. After the beam is 
thus assumed, it must be investigated to see whether or not 
the stresses are within safe limits, as follows: 
Find k by the formula, 




2n{p+p'~-)+n'(p + p'y-n{p+p') 



Then find z by the formula. 



' 


ik=d + 2p'nd'(k--\ 




k^ + 2p'n(k-^) 




find j d by the formula 




y d = d — z, 




and find s^ by the formula. 




GM 




bd" 


L k \ dj\ 


d'V 
' d) . 


Next find 5^ by the formula. 






M l-k 





pjd^b 



(1) 

(2) 

(3) 
(4) 

(5) 
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and find s/ by the formula, 



5/ = n s^- 



" d 



k 



(6) 



36. The formulas giving the value of z and / d need not 
always be solved, because formula 4, Art 35, does not include 
these terms and formula 5, Art 35, in one form, does not 
include them. Therefore, as a rule, the equations may be 
solved in the following order: 



2n[p + p'--\+n'{p + p'y-n{p + p') 
6M 



bd^Uk-k^ + ^~^(k ^' 



l-k 



d' 



S/ = 11 Sr- 



(1) 

(2) 

(3) 
(4) 



37. As an example, assume that a beam is on a 20-foot 
span. It is limited in total depth to 20 inches and in width 
to 10 inches. It carries 1,000 pounds per foot besides its 
own weight. Design the beam. 

First, the bending moment must be found. The beam 

. , 10X20X150 „ „ 
weighs — = 208 pounds per foot. The bending 

^ . ^, , (1,000 + 208)20X20X12 

moment is therefore -^^-^ ~ ^ — =724,800 inch- 

8 

pounds. The approximate value of A is found by the for- 

M 
mula 5^ = — — -. If d is taken as 18 inches, it becomes 16,000 
A ] d 



724,800 



Therefore, A = 2.876 square inches, which is 



AXlXlS 
the amount of steel to be used at the bottom of the beam. 
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The critical value is ^ = .00769. This area is pdb= .00769 
X 18 X 10= 1.384 square inches. The excessive area is, then, 
2.876 — 1.384=1.492 square inches. The approximate amount 
of steel required at the top of the beam is then 1.492X2^ 
= 3.357 square inches. The beam is now approximately 
designed, but it must be investigated to see whether or not 
it is safe. The values are 6= 10, d=lS, A = 2.876, A' = 3.357, 

and d' = 2. Then, ;^=A§Z1=. 01598; also, p' = ^'^^'^ 



10X18 10X18 

= .01865. 
Substituting the correct values in formula 1, Art. 36, 

k= V2X 15 (.01598+ .01865X A) + 15' (.01598. + 01865)^ 
- 15 (.01598 + .01865) = .3813 

Substituting the values in formula 2, Art. 36, 5^ = 
6X724,800 



10X18' 



3X.3813-.38iy + - ^-"^^'^^^^^ (.3813--A)(l-A-) 
.3813 

= 653 



This value is 3 pounds higher than that recommended by 
the Joint Committee. However, the calculations do not 
have to be remade, as the value is close. When the beam is 
drawn on the plans, a little extra steel can be put in the top 
to reduce this compression if desired. 

The value of s^ may be found by substituting the correct 
values in formula 3, Art. 36. Thus, 

1 3813 

5j= 15 X 653 '■ = 15,893 pounds per square inch, 

.3813 

which is slightly low, but practically correct. 

The value of s/ is found by substituting values in formula 4, 
Art. 36. Thus, 

5^' =15X653 = 6,941 pounds per square inch 

.3813 

This value is low, but it will always be found this way, and 
is the reason that double reinforced beams are not economical. 
This value cannot be raised in any convenient manner. 
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EXAMPLE EOK PRACTICE 

A certain beam is built on a span of 30 feet. It is 12 inches wide 
and 20 inches deep. It contains 4.09 square inches of steel 2 inches 
from the bottom and 3.38 square inches of steel 2 inches from the 
top. It carries besides its own weight a load of 500 pounds per linear 
foot. There is doubt as to whether the stresses in the beam are too 
high. Determine the stresses in the concrete and in the steel in com- 
pression and tension. fxc =775 lb. per sq. in. 

Ans.j 5^ = 15,770 lb. per sq. in. 
[5/ = 8,581 lb. per sq. in. 



DESIGN OF T BEAMS 

38. Very often, in reinforced-concrete work, a beam and 
a floor slab are cast together. In such cases, the slab takes 
part of the compressive stresses caused by the bending 
moment, and the beam is no longer a rectangular beam, 
but one of T section. 

Particular care must be exercised in the construction of 
T beams. The beam and the slab must be placed at one 
time so that there will not be a line of weakness between 
them. The stirrups must extend up into the slab, and the 
slab reinforcement should be tied to them. Short rods are 
sometimes run through the ends of the stirrups and made to 
extend into the concrete slab a short distance on each side 
of the beam. In short, every precaution possible must be 
used to insure that the slab and the beam will act together. 
If there is the slightest doubt about this unison, the beam 
must be figured as an ordinary rectangular beam underneath 
the slab. 

39. The Joint Committee in discussing T beams states 
that "in beam and slab construction, an effective bond should 
be provided at the junction of the beam and slab. When the 
principal slab reinforcement is parallel to the beam, transverse 
reinforcement should be used extending over the beam and 
well into the slab. 

"Where adequate bond between slab and web of beam is 
provided, the slab may be considered as an integral part of 
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the beam, but its effective width shall be determined by the 
following rules: 

" (a) It shall not exceed one-fourth of the span length of 
the beam. 

" (b) Its overhanging width on either side of the web 
shall not exceed four times the thickness of the slab. 

"In the design of T beams acting as continuous beams, 
due consideration should be given to the compressive stresses 
at the support." 

This last point is a matter of importance that is likely to 
be overlooked. At the supports of continuous beams there 
is a reverse bending moment, which is considered equal to 
the positive moment at the center of the span. Now, at the 
center of the span, the compression is at the top of the beam, 
and is taken up partly by the adjoining slab. At the sup- 
port, however, inasmuch as the bending moment is reversed, 
the same amount of compression must be taken up by the 
narrow, or stem, part of the T at the lower side of the beam. 
As the total compression here is considered to be the same 
as at the middle of the span, the unit compression at the 
support is greater because the resisting area is less. Tlie 
Joint Committee allows stresses 15 per cent, higher here 
than elsewhere; that is, if 650 pounds per square inch is 
allowed elsewhere, 748, or practically 750, pounds per square 
inch is allowed in compression of continuous beams near the 
supports. If this pressure is exceeded or if it is desired to 
reduce this value — some authorities consider it too high — 
then the beam must be made either wider or deeper in the 
stem of the T or else sufficient steel must be left in the bot- 
tom of the beam near the supports, making it practically a 
double reinforced beam at this point. This last method is 
the one usually followed. 

40. In designing T beams, the same notation will be used 
as before, with the following changes: 

b = width of flange, in inches ; 
b' = width of stem, in inches ; 
i = thickness of flange, in inches. 
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It is to be noted that the term b means the total width, 
and not the width of the beam proper, as in the preceding 
cases. This change is made so that some of the formulas 
already given will apply to T beams, as will be explained. 

In the first place, the span of the beam and the thickness 
of the slab are known. Then, the depth of the beam and the 
width of the stem are usually assumed. From these con- 
ditions and the rules given, b may be assumed, but care 
should be taken not to consider the same part of the slab as 
acting for both of two adjacent beams. Then b,t,d, and b' 






?.b::C?.-s7Ta.g.- 
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kd 



d 

1 



T 



Fig. 4 



are known. Reference to Fig. 4 will give a clear idea of 
where these dimensions are located. 

41. First find an approximate value for A by the follow- 
ing formula: 

A^--^^- (1) 

This formula will usually give values of A that err slightly 
on the side of safety. Some engineers, after A is thus found, 
consider the beam as designed. This method of procedure, 
however, is liable to cause trouble, because the value of A 
found by formula 1 may be such that the stress in the con- 
crete is excessive. In such cases, the beam should be reas- 
sumed in larger proportions. Therefore, for a safe analysis 
of the beam, the following procedure must be carried out. 
This method neglects the compression in the stem. 

After A has been assumed from formula 1 find the value 
oi k d from the formula 

2ndA+bfi 



kd=' 



2nA + 2bt 



(2) 
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From here on, the work divides itself into two cases. 
Case I is when k d is less than t ; that is, when the neutral 
axis comes in the slab. Case II is when k d is greater than t; 
that is, when the neutral axis comes in the stem of the T. 
If the problem is in Case I, the beam is investigated by the 
formulas used for a rectangular beam. It is to be remembered 
that formula 2 just given is meant for use in Case II. If the 
problem is in Case I, it simply indicates that fact, and the 
value of k must be assumed or found by the formulas for 
rectangular beams. If the problem falls in Case II, the 
following procedure is employed: Find z by the formula, 

z = ; X- (3) 

2kd-t 3 

Then find / d by the formula, 

jd = d-z- (4) 

find 5s by the formula, 

A ] d 
and find 5^ by by the formula, 

.. = "^^ = ^^X-^ (6) 

bt(kd-it)jd n 1-k 

The values of s^ and s^ must be safe. As previously stated, 
these formulas neglect the compression- in the stem. For 
approximate results, the formulas for rectangular beams are 
sometimes used. 

42. The design of T beams is best illustrated by an exam- 
ple as follows: A beam is on a span of 16 feet. It carries a 
load of 5,000 pounds per foot, which includes its own weight. 
It is cast solid with a slab that is 10 inches thick. The total 
depth of the beam is 31 inches, and the width of the beam 
proper is 16 inches. Design the beam. 

First, let it be decided to keep the steel up 2 inches from 

the under side of the beam. Then, (i = 31 — 2 = 29 inches. 

, ,. , . 5,000X16X16X12 
The maximum bendmg moment is 
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= 1,920,000 inch-pounds. Substituting the correct values 
in formula 1, Art. 41, 

1,920,000 _ . , 

A = = 5 square inches 

(29-¥) 16,000 

The span is 16 feet. According to the recommendations 
of the Joint Committee, the value taken for b must not 
exceed iXl6 = 4 feet, or 48 inches. Also, according to the 
Joint Committee, the overhang must not exceed 4 i, or 4 X 10 
= 40 inches. This second condition would make b equal 
to 40X2+16 = 96 inches. As the former condition imposes 
the smaller value, it must be used. Some engineers also 
impose a third condition, namely, that b must be less than 
5 b' ; but as 5 6' = 5X 16 = 80, the conclusion arrived at above 
would not be altered. Therefore, b will be taken at 48 inches. 

Substituting the correct values in formula 2, Art. 41, 

, , 2X15X29X5 + 48X10' „ „,„ . , 
k d = =8.243 mches 

2X15X5 + 2X48X10 
This value of fe ti is less than the value of t. Therefore, the 
neutral axis lies in the flange and the problem falls in Case I, 
which means that it should be solved by the formulas for 
simple beams. In this solution, it is better to solve for k 
and ; rather than assume one to be f and the other to be |, 
because it is probable that the stresses in the concrete will 
be so low that these values will not be very close. Follow- 
ing this method, 

A 5 

p = — = = .003592 

bd 48X29 

k=^2pn + {p ny- pn= ^2X .003592 X 15+ (.003592 X 15)^ 
-.003592X15 = .2788 

y=l-ife=.9071 

, M 1,920,000 

and 5, = -—= '- = 14,597, 

A]d 5 X. 9071X29 

which is more than safe. As was stated before, the for- 
mula A = — — -— — usually gives values that err on the side 
(d-i t) s. 
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of safety, and this fact is evident from the result just 
obtained. 

_ 2M ^ 2X1,920,000 

jkbd? .9071 X. 2788X48X29^ 
= 376 pounds per square inch 

This value is low, but it is always best to have this value 
low in T beams. 

43. As an example, to illustrate Case II, the following 
problem is proposed. It is very similar to the problem just 
given. A T beam is on a span of 16 feet. It carries a load 
of 5,000 pounds per foot, which includes its own weight. 
■It is built solid with a slab 6 inches thick and the total depth 
of the beam is 31 inches. The value of d is taken at 29 inches, 
and b' is equal to 16 inches. Design the beam. 

The bending moment is the same as before, namely, 

1,920,000 inch-pounds. The value of A may be found 

M 
approximately from the formula A = . Thus, it is 

1,920,000 ..._. . , 

- = 4.6154 square inches 



(29-3)16,000 

The value of b is the same as before. Substituting the 

correct values in formula 2, Art. 41, 

, , 2X15X29X4.6154 + 48X6^ o oqqq • u 

k d = = 8.0388 mches, 

2X15X4.6154 + 2X48X6 

which is greater than the given value for t. 

Substituting the proper values in formula 3, Art. 41, 

3X8.0388-2X6^6 „.. , 

z = X - = 2.4 mches 

2X8.0388-6 3 

Substituting the proper values in formula 4, Art. 41, 

jd=29-2A = 26.6 inches 

Substituting the proper values in formula 5, Art. 41, 

1,920,000 ,.„„„ , . , 

5. = = 15,639 pounds per square mch 

4.6154X26.6 

which is safe. 
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Substituting the proper values in formula 6, Art. 41, 
^ ^_^^92a000X 8.0388 ^^^^ ^^^^^ ^^^ ^q^^^^ .^^^^ 
" 48x6(8.0388-1)26.6 
which is safe. 

EXAMPLES EOR PRACTICE 

1. AT beam is on a span o£ 24 feet. It carries a load of 8,000 
pounds per foot, which includes its own weight. The following values 
have been decided on: i = 10 inches; d = 41 inches; 6' = 20 inches; 
M= 15; and A = 12 square inches. Find the stress in the concrete and 
the steel. j^^^ [5^= 15,502 lb. per sq. in. 

■\5^ = 438 lb. per sq. in. 

2. A T beam is on a span of 18 feet. It carries a load of 4,000 
pounds per foot, which includes its own weight. The following values 
have been decided on: < = 6 inches; d = 30 inches; b' = 16 inches; 
M= 15; and A = 4-g- square inches. Find the stress in the concrete and 
the steel. ^^^ f 5^ = 15,630 lb. per sq. in. 

^'15^ = 357 lb. per sq. in. 



44. As was stated, the formulas for Case II already given, 
neglect the compression in the stem of the T. They will 
usually be found to give satisfactory values. However, 
when the slab, or flange part, of the beam is small, evidently 
a good part of the compressive resistance is taken up by the 
stem. To neglect this compression would make the concrete 
appear more heavily stressed than it really is; also, when a 
large part of the compression is taken by the stem, the value 
of j d is really less than that calculated by the formulas 
already given and the stress in the steel will be somewhat 
higher than was supposed. The Joint Committee recom- 
mend that the following formulas be used if the flange is 
small compared with the stem: 

, ,_ l2ndA + {b-b') f /nA + (b-b') A2 
^''"V b' +1 b' ) 

b' ^ ' 

^ ^ {k df-jt') b+ (k d-ty[t + Uk d -t)]b' 
t{2kd-t) b+{kd-tyb' 
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jd = d — z (3) 

M 



Ajd 



(4) 



_ 2Mkd _ g 

^' ~ [{2kd-t) bt+(kd-tyh']jd 
These formulas are rarely used ; nevertheless, when employ- 
ing the formulas under Case II, it must be borne in mind 
that the compression in the stem is neglected. 

45. As an example of the use of the formulas in the 
preceding article, the problem given in Art. 43 will be solved 
by them. The following values are the same in both cases: 

M= 1,920,000 inch-pounds; 

i =6 inches; 

c? = 29 inches ; 

Z)' = 16 inches; 

A =4.6154 square inches; 

6 = 48 inches. 
Therefore, k d 

'30X29X4.6154-^(48-16)6^ /15X4.6154+ (48- 16)6^ = 



'4 



16 \ 16 

15X4.6154 -K48- 16)6 

16 



= V322.962375-h 266.568888- 16.3269 = 7.955 inches 
Then, 
_ (7.955 X 6^ -§6^)48+ (7.955 -6)^[6 -1-1 (7 . 955 -6)]16 

6(2x7.955-6)48-h (7.955-6)^6 

= 2.484 inches 

y ^ = 29-2.484 = 26.516 inches 

1,920,000 ,.„„, , . , 

and 5-^= =15,689 pounds per square mch 

4.6154X26.516 

This is slightly larger than the value found in Art. 43, 

but is not dangerously so. 

2X1,920,000X7.955 

■^^ ~ [(2 X 7.955 - 6)48 X 6 -t- (7.955 - 6)M6] 26.516 

= 395.2 pounds per square inch, 
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which is a little less than the value in Art. 43. On the 
whole, for cases like those given, it can be seen that the 
formtilas that neglect the compression in the stem are suffi- 
ciently accturate unless the beam proper is large in proportion 
to the slab. 

DETAILS OF DESIGST 

46. Fireproofing. — So far, the quantity of concrete 
below the reinforcement in the lower part of the beam has 
not been discussed. This concrete serves two purposes. 
It holds the reinforcement in place and protects it from fire 
and moisture. The Joint Committee recommends that to 
protect the steel from, fire the thickness of concrete under 
the reinforcement of girders should be 2 inches; under the 
reinforcement of beams, IJ inches; and under the reinforce- 
ment of floor slabs, 1 inch. These recommendations are for 
ordinary conditions, and must be changed as circumstances 
require. All sharp corners of beams should be chamfered. 

47. Splices. — In splicing bars that take tension, the 
splice must be such that the tension of the entire bar is taken 
by the bond between that bar and the concrete, unless, of 
course, the bars are securely fastened together. 

A very simple rule can be derived for the amount of lap 
necessary. Its derivation will be readily understood by 
referring to Fig. 5. Here, two round bars are lapped, and 






I 



Fig. 5 

the value of I must be found to make the section good, as it 
is called. Let the diameter of the bar, in inches, be called d. 
The circumference of the bar is then cix3.1416, and its 
surface at the lap is c?XZx3.1416. If the safe adhesion is 
80 pounds per square inch, the total adhesion will be 
dXZxS. 1416X80. The distanced shotdd be such that the 
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bar is liable to break before it will slip; that is, the resist- 
ance to slipping must at least equal the resistance to rupture. 
The area of the bar is (i^X.7854 square inch. If the unit 
tensile stress is taken at 16,000 pounds per square inch, the 
resistance to rupturing will be c?^ X. 7854 X 16,000. Equating 
these two values, it is found that dXl + 3. 14:16X80 ^cP 
X. 7854X16,000, which reduces to 1 = 50 d. Therefore, in 
lapping rods in reinforced-concrete work, the lap should be 
made fifty times the diameter of the rod. If the rods are 
made of drawn wire, the lap should be twice this amount. 
These values of safe bond are the ones recommended by the 
Joint Committee for concrete; that will develop a strength 
of 2,000 pounds in 28 days, tested as previously stated. Of 
course, for deformed bars, the lap does not have to be so great. 

48. Value of n. — The value of n in the preceding for- 
mulas was taken as 15. This value of n is known to increase 
somewhat with the stress in the concrete, but many designers 
consider it to be constant. If the value of E^ is 30,000,000, 
then the value of E^, to make n equal to 15, will be 2,000,000. 
The value to be used for n varies with different building laws 
and in the opinion of different engineers. The value employed 
in the examples is the one frequently used, and the one that 
the Joint Committee recommends to be used under ordinary 
conditions for the grade of concrete just mentioned. 

49. Size and Spacing of Bars. — In the preceding 
formulas, the value of A has been taken as exact. In actual 
practice, this area of rods must be made up of commercial 
stock that is rolled in standard sizes. It will seldom be 
found possible to make up the exact area required. If, for 
this reason, slightly less steel than is specified is used, the 
calculations should be remade in order to make sure that 
the stresses in the steel will not be excessive. 

In placing the bars in the concrete, it should be remembered 
that they must be protected from fire at the sides of the 
beam as well as underneath. In other words, if l-J or 2 inches 
of concrete is allowed below the steel, these rods should be 
so placed that the same quantity of concrete will be between 
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them and the sides of the beam; also, they should be placed 
far enough apart to allow the concrete to flow easily around 
them. 

The general recommendations of the Joint Committee are 
in part as follows: "The lateral spacing of parallel bars 



xil 




Fig. 6 

should not be less than two and one-half diameters, center to 
center, nor should the distance from the side of the beam 
to the center of the nearest bar be less than two diameters. 
The clear spacing between two layers of bars should not be 
less than I inch." 

50. Shear in Beams. — One of the most frequent 
methods of failure in concrete beams is illustrated in Fig. 6. 
This form of breaking is called failure by diagonal shear, but 
it is generally due to failure by diagonal tension. The theory 
of this form of failure will not be discussed here, but it may 
be said to be due to the facts that all the reinforcement is 
in the bottom of the beam and that no truss rods or stirrups 
are used. The use of truss rods and stirrups will help prevent 
this form of failure, and both are used in beams of consider- 
able depth. 




Flo. 7 

51. Truss rods, besides preventing the diagonal crack- 
ing just mentioned, serve to take up at least part of the 
negative bending moment that occurs in continuous beams 
over the supports; also, if bent up high enough, they help 
tie the beam and slab together. 
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Fig. 7 shows the main rod reinforcement for an ordinary 
beam that is either carrying a uniformly distributed load or 
a load concentrated at its center. The maximum bending 
moment occurs at the center of the span; therefore, all the 
reinforcement is found at the bottom of the beam. How- 
ever, near the ends of the span, the bending moment becomes 
less and the tendency to diagonal tension becomes greater. 
Therefore, some of the reinforcement can be spared from the 
bottom of the beam and may be bent up to form truss rods, 
as shown at a. These truss rods run directly across the place 
where the tension cracks would appear; and, thus, for the 
beam to fail here, the truss rods would have to be ruptured. 

The distance designated by c in the illustration, is often 
made such that sortie of the steel will pass through the 
neutral surface at the point of contrafiexure ; that is, when 
the bending moment changes from positive to negative. It 
usually varies so that c is from one-fourth to one-half of I. 
It is understood that the truss rods, although shown for 
convenience as stopping short at the end of the span, extend 
into the adjoining beam or are bent over or secured at the 
ends so as not to slip. They also are preferably in smaller 
unit bent up, not all at once, but in pairs at intervals from 
the bottom of the beam to distribute their effect. 

52. Stirrups, besides preventing diagonal tensile cracks, 
serve two other purposes, namely, to tie the reinforcement 
into the body of the beam in case the concrete below should 
fail from fire or any other cause, and to tie the beam to the 
slab, for they not only enter the slab, but may also be made 
to tie up to its reinforcement. 

There is no rigid analysis governing the size and placing 
of stirrups. The matter is governed largely by experience. 
Stirrups are often made of f-inch square oriV'Xl" iron. 
They are spaced closer at the ends of the beam than at the 
center of the span. The Joint Committee recommends a 
maximum spacing of three-quarters of the depth of the 
beam. This maximum spacing occurs at the center of the 
span. At the ends of the span, the stirrups are often spaced 
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one-sixth or one-seventh of the depth of the beam. These 
stirrups must be spaced with extreme care, as the strength 
of the structure depends on them. Designs of successful 
similar buildings will often serve as models, not to be directly- 
copied, perhaps, but to indicate at least about what the size 
and the spacing of stirrups should be. Short, deep beams 
and T beams must be designed with especial care. 

If the stirrups are inclined to the vertical, they should be 
securely fastened to the main reinforcement. Care should 
be taken to see that the stirrups will not pull out of the 
concrete. Often, they are bent over at the ends or securely 
fixed to the slab reinforcement. Deformed bars also give 
a better grip on the concrete. 

53. In regard to web resistance, the Joint Committee 
states that calculations should be made on a basis of maximum 
shearing stress; that is, although the beam fails by diagonal 
tension, it is designed to withstand shear. Therefore, the 
formulas, although using shear, must really limit the diagonal 
tension. This would indicate that exact methods for cal- 
culating these stresses are not yet devised. The Joint Com- 
mittee states that, "Experiments bearing on the design of 
details of web reinforcement are not yet complete enough to 
allow more than general and tentative recommendations to 
be made." 

The formulas referred to by the Joint Committee employ 
the following notation: 

F = total shear, in pounds, to be found as explained in 

Forces Acting on Beams; 
?; = shearing unit stress, either horizontal or vertical, 

in pounds per square inch; 
6 = breadth of beam, in inches; 
yd = lever arm of resisting couple, as explained before, 
in inches; 
P = stress in one stirrup, in pounds per square inch; 
a = horizontal spacing of stirrups, in inches; 
6' = width of stem of t beam, in inches. 
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The formulas for rectangular beams, whether reinforced at 
the bottom only or double reinforced, are: 



V 



For vertical 


u — 
stirrups : 
P- 


bjd 

Va 
jd 


For 


stirrups 


inclined at 45°: 


For 


T beams 


P = 


jd 






v = 


V 



(1) 

(2) 
^ (3) 



(4) 
b'jd 

54. As an example, assume that the main reinforcement 
in a certain beam has been designed and that it remains to 
look into the web reinforcement. The beam is on a 20-foot 
span and carries 1,500 pounds per foot, which includes its 
own weight. Assume that 6= 12 inches and that tf = 21 inches. 

First, the maximum shear is equal to either reaction, or 

1,500X2 ._.^^ , 
= 15,000 pounds 

The unit shear, assuming that ;' = |, is 

V 15,000 «o , . . 

v = = =68 pounds per square inch 

bjd 12xiX21 

The Joint Committee states that for concrete alone the web 
shear should not exceed 40 pounds per square inch, with truss 
rods properly placed, 60 pounds per square inch and that, 
even with truss rods and stirrups, the shear should never 
be over 120 pounds. As the value found is less than 
120 pounds, the beam may be used; but as it is more than 
40 pounds, stirrups and truss rods must be employed. 

The size of the stirrups is next selected, and the allowable 
stress in it is decided on. Thus, the value of P, the allow- 
able stress in one total stirrup, may be determined, bearing 
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in mind that either the stirrup must have some mechanical 
bond or else the value of P must not be great enough to 
disengage the stirrup from the concrete by either tension 
or shear. Let it be assumed in this case that the allowable 
stress in each stirrup is 6,000 pounds. Now, it is generally- 
assumed that the concrete itself can take one-third of the 
shear; therefore, the stirrups have to resist only two-thirds 
of the shear; that is, |X 15,000= 10,000 pounds. Sub- 
stituting the current values in formula 2, Art. 53, it becomes 

6,000 = — '- , or a= 11 inches, about. This is the spacing 

1X21 

for vertical stirrups near the supports where the shear is 

greatest. Of course, near the center of the beam, this spacing 

will increase as the shear decreases, but it should never be 

greater than f d. 

It must be remembered that this method of designing 
web reinforcement is not a complete analysis of the case, 
and the Joint Committee does not state that it is more than 
tentative. However, it serves as a guide, and its use should 
be supplemented by good sound judgment and experience. 

One point recommended by the Joint Committee to assist 
in preventing diagonal tension cracks is to arrange the hori- 
zontal reinforcement so that its unit stresses will be relatively 
low at points of high shear. 

55. Another detail of design that is generally considered 
at the same time that the question of stirrups is taken up, is 
the bond stress of the concrete to the reinforcement. It is not 
alone necessary that the bar be long enough to offer bond to 
withstand the total tension in the reinforcement ; in addition, 
the unit bond at any one point must not be exceeded. It is 
evident that if the tension in the main reinforcement at the 
center of the span is, say T, and the tension in it at another 
section near it is T' , the difference in tension between these 
two points will be T—T'. This extra tension, which the 
bar looses between these two points, is of course taken up 
by the bond between the bars and the concrete, and this 
bond must not be exceeded. Rather than find the tension 
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at two points by finding the bending moment, a simpler 
method has been devised. 

Let u = unit bond at section under consideration, in pounds 
per square inch; 
= sum of perimeters of horizontal reinforcement 
bars at the section under consideration; 
d j = the lever arm, as before; 
y = external shear at the section under consideration. 

Then, 



jdO 

The value of u thus found must not exceed safe limits, 
which, according to the Joint Committee, are 80 pounds for 
plain bars and 40 pounds for drawn wire for the grade of 
concrete recommended. Of course, for deformed bars, 
higher bond values may be used. 



COLUMNS 



CONCENTRICALI.T LOADED COLTJMNS 

56. There are two general methods of reinforcing con- 
crete columns with steel. One method is known as straight 
reinforcement and the other as hooped reinforcement. These 
two styles of reinforcement are illustrated in Fig. 8. In (a) 
is shown straight reinforcement. It consists of steel rods 
that stand vertically in the concrete. Sometimes, the rods 
are placed directly in the middle of the column, but as a rule 
they are arranged around the outside of the column at least 
2 inches from the surface. These steel rods are tied together 
with wire ties, as shown at a. The distance between two 
ties should not exceed the width, or diameter, of the column. 
If the ties are spaced too far apart, the column is liable to 
fail by the reinforcement bulging out, as shown in Fig. 9. 

In Fig. 8 (6) is shown a column reinforced with hooped 
reinforcement. This type of reinforcement consists of either 



56 



CONCRETE BEAM 



n 



a steel spiral or a separate steel hoop that is at least 2 inches 
from the surface of the column, as shown at b. 





57. 




Pig. 9 



Fig. 8 

In addition to the two types of reinforcement just 
mentioned there are many styles, more or 
less indeterminate, that engineers must exam- 
ine with care. Thus, Fig. 10 (a) shows a 
column in which the reinforcement is straight. 
The netting around the reinforcement serves 
the twofold purpose of holding the reinforce- 
ment in place and of holding the surface 
of the concrete so that it will neither crack nor 
crumble ofi during a fire. 

In view (b) is shown a hooped column. 
The hooping is shown at b, and at a are 
shown light steel wires that hold the hooping 
in place while the concrete is being poured. 
These wires a are too thin to be considered 
as vertical reinforcement. 
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In (c) is shown a column that has two distinct kinds of 
reinforcement, the hooped reinforcement at b and the ver- 
tical, or straight, reinforcement at a. 




Fig. 10 



58. Column rireproofing. — The Joint Committee 
recommend that in concrete columns the outside Ih inches 
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of concrete be not considered in the design, as it may be 
injured in a fire. This coating, therefore, is simply a fireproof 
covering. After a column is designed, provided the recom- 
mendations of the Joint Committee are followed, IJ inches 
is added to all sides; that is, if the column is rectangular, it 
is made 3 inches broader and 3 inches deeper. All sharp 
corners should be chamfered off. Some engineers do not 
add this fireproof covering, although it is safe to do so. 

59. straight Reinforcement. — The design of straight 
reinforcement in columns will be taken up first. 

Let Ac = effective area of cross-section of concrete, in square 
inches; 
j4^ = area of cross-section of steel, in square inches; 
2ic = modulus of elasticity of concrete; 
£i = modulus of elasticity of steel; 
.s^ = compressive stress per unit area of concrete; 
5-^ = compressive stress per unit area of steel; 
>Mc = compressive unit strain in concrete; 
nis = compressive unit strain in steel ; 
Es 

W = total load on column. 

The load on the column equals, of course, the total com- 
pressive stress on the concrete plus the total compressive 
stress on the steel. Expressed as a formula, this would be 

W = A,s, + A,s, (1) 

From the principles given in Stresses and Strains, 

E, = ^ and E, = ^ 

These equations may be written 

Wj = — and w, = — ^ 
Ec E, 

Now, as the concrete and steel are in direct contact and 
there is no sHp of the steel — that is, the bond between the 
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steel and concrete is good — it follows that if the concrete 
in the column is compressed, say -5V inch, the steel will 
also be compressed a like amount. As the same unit com- 
pression is exerted on both the steel and the concrete through- 
out the entire column, and the steel is bonded all the way, 
the unit strain in the concrete must equal the unit strain in 
the steel ; that is, m^ must be equal to m^. Therefore, 

■^5 ^c 

E 
or s, = s,~^ = s,n (2) 

Substituting the value just found for .fj in formula 1, 
W = AcS, + A,s, 11, 
or W = s,{A, + nA,) (3) 

This is the equation used to design columns with straight 
reinforcement. 

The Joint Committee recommends a value for Sc of 450 for 
concrete that develops a unit compressive strength of 2,000 
pounds in 28 days, tested as previously stated. Some 
engineers do not use a value so high, but it will be used 
throughout this Section in order to get uniform results. The 
value of n is taken at 15, although sometimes considered less. 

60. As an example, assume a column 1 foot square with 
4 square inches of steel. What safe load will it carry? 

First, a 1^-inch covering must be deducted. This makes 
the column 9X9 = 81 square inches. Deducting the area of 
the steel, ^^ = 81— 4 = 77 square inches. Also, A^ = 4 square 
inches. Substituting these values in formula 3, Art. 59, 

W^ = 450 X (77 +15X4) = 61, 650 pounds 

61. It will be well to investigate the theory of straight 
steel reinforcement in columns in order to obtain some idea 
of the economy of the system used. As was stated, the 
safe value for s^ is taken at 450 pounds per square inch; 
also, n is considered to be equal to 15. Substituting these 
values in formula 2, Art. 59, 
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5^ = 5^ w = 450x 15 = 6,750 pounds per square inch 

Now, the safe unit compressive stress for steel may be 
taken as high as 16,000 pounds. Therefore, in a column 
with straight reinforcement, and the grade of concrete men- 
tioned, the steel cannot be stressed up to its safe limit with- 
out overstressing the concrete. It cannot be said, therefore, 
that this method of placing the steel is economical. The use 
of steel in the column has advantages. In the first place, 
the formulas given in Art. 59 do not take into account the 
length of the column; the longer a column is, the more it is 
likely to bend or bulge, and the steel helps materially to resist 
this tendency. Then, again, the introduction of steel permits 
the column to be made much smaller in size, and this is often 
of great advantage. The most important advantage of the 
steel, however, is that there are usually certain slight eccen- 
tricities of load that are impossible to predetermine, and 
the steel more or less takes care of them. 

The length of a column of this kind, according to the recom- 
mendations of the Joint Committee, should be less than 
15 times its diameter or least width. 

62. Having shown how to investigate a column, the 
method of designing one to carry a certain load will now be 
considered. Thus, assume that it is desired to design a 
column to carry a load of 40 tons. 

In the first place, three things must be decided: (1) The 
value to be used for s^; (2) that to be used for n; and 
(3) that to be used for the percentage of reinforcement. 
The values to be used for s^ and n will be chosen at 450 
and 15, respectively. The percentage of reinforcement may 
be any reasonable amount. Let it be supposed that it is 
desired not to have the column too large; therefore, assume 
2 per cent. In the examples for practice that follow, to 
obtain uniform results, the three values just given will 
also be used. To return to the problem, let A^=area. 
of concrete. Then, Aj=2 per cent, of A^ = -^^g A^. Sub- 
stituting the correct values in formula 3, Art. 59, it will 
be found that 
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W = sAAc + nA,) 

= 450 {A,+ \5X^A,) 

= 450/1, (l + T^)=450Xi*XA, = 585A, 

But VF = 40X2,000 = 80,000 pounds; therefore, 

80,000 = 585 A, and yl<, = 80,000 h-585 = 137 square inches 

The amount of steel required is 137 Xtoo-= 2.74 square 
inches. Therefore, the total area of the column will be 
137 + 2.74= 139.74 square inches. A 12"X 12" column would 
therefore be ample for the conditions imposed. To this 
column, however, IJ inches must be added on each surface 
for fireproofing purposes. Therefore, the column will be 
15 inches square. 

EXAMPLES FOK PRACTICE 

1. Design a square column to carry a safe load of 48 tons. 

j Size of col., approx. 16 in. on a side 
■[Area of steel required, 3.3 sq. in. 

2. A column is 14 inches in diameter and contains 4 square inches 
of steel. What safe load will it carry ? Ans. 67,965 1b. 

3. Design a round column to carry 62 tons safely. 

, jDiam., about 19.5 in. 

[Area of steel, 4.24 sq. in. 

4. Design a rectangular column 10 inches wide to carry 32 tons 
safely. . /Depth, about 19 in. 

[Steel required, 2.19 sq. in. 



63. Empirical Rules for Straiglit Reinforcement. 

There are one or two more or less empirical formulas that 
are used in designing concrete columns with straight rein- 
forcement. These formulas mostly originate from the build- 
ing laws of various cities. One rule stipulates that the safe 
allowable load shall be 500 pounds per square inch of column 
section properly reinforced, counting both concrete and steel 
the same. Suppose it is desired to design a column to carry 
25 tons. Now, 25 tons equals 50,000 pounds, and the required 
area would be 50,000-^500=100 square inches, which would 
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mean a 10" X 10" column. The l|-inch fire protection is not 
included in the preceding calculations. Either sufficient steel 
must be inserted in the column to prevent the concrete from 
being overstressed in case IJ inches is removed from the 
outside by fire, or the IJ inches must be added afterwards, 
or, as is sometimes done, it must be neglected altogether. 

64. In a large building, the loads on the columns in the 
lower floors become very great, and as it is usually not 
desirable to increase the outside size of the column abnormally, 
the percentage of reinforcement is increased. A style of 
reinforcement sometimes employed under such conditions is 
shown in Fig. 11. It consists of four angles riveted back 
to back in the center of the column to form a steel core. 

The area of this steel core can be 
increased if desired by using packing 
plates between the angles. Some 
engineers assume that the steel core 
takes all the vertical load and that 
the concrete prevents it from bend- 
ing sidewise. The rule for designing 
such a column, therefore, is to allow 
a safe compressive unit stress on 
F'G- 11 the steel and nothing on the con- 

crete. Thus, if 20 square inches is required and four angles 
are to be used, each one will have to have an area of 
20+4 = 5 square inches. Angles 4 in. X 4 in. X ri in- wotdd 
be large enough. The stress in the steel should not be so 
high as to cause the concrete around it to break loose. In 
construction of this kind, steel rods should be used in con- 
junction with the steel core. These rods should be spaced 
as shown in the figure and securely wired together. They 
are not considered in calculating the safe load, but are 
inserted to stiffen the concrete, which is under high stress, 
and to prevent it from splitting away from the steel core 
in the center. 

65. Hooped Columus. — In regard to the efTect of 
hooped columns, the Joint Committee states that: "The 
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general effect of bands or hoops is to increase greatly the 
'toughness' of the column and its ultimate strength, but 
hooping has little effect upon its behavior within the limit 
of elasticity. It thus renders the concrete a safe and more 
reliable material, and should permit the use of a somewhat 
higher working stress." That is to say, in hooped concrete 
columns the hooping itself is not used in calculating the 
strength, but on account of the hooping a higher unit stress 
in the concrete may be used. 

The Joint Committee recommends a stress 20 per cent, 
higher than that used for longitudinal reinforcement. Thus, 
if 450 pounds is used for longitudinal reinforcement, the stress 
for hooped columns will be 540 pounds. The Committee 
specifies, however, that to use this increase of stress the 
volume of the steel hooping must be at least 1 per cent, of 
the volume of the enclosed concrete. Some engineers use 
stresses lower than this, but these mentioned are used in this 
Section to make results uniform. One point of importance, 
however, to be remembered is that the concrete outside of 
the hooping is assumed to take no stress, all the stress being 
taken by the enclosed concrete. As the steel is embedded 
in the concrete at least 2 inches, this amount, instead of 
IJ inches, must be deducted to get the effective area of the 
column. 

66. As an example, design a round-hooped concrete 
column to carry 100 tons. The load to be carried is 
100X2,000 = 200,000 pounds. The required effective area 
is then 200,000^-540 = 370.37 square inches. The diameter 
of the hooping, therefore, is approximately 22 inches. As 
there must be 2 inches of concrete outside of the hooping, 
the outside diameter must be at least 26 inches. The quan- 
tity of steel required per inch should be at least 370.37 -f- 100 
= 3.7 cubic inches. In all cases, the hooping should be 
arranged in hoops, or spirals, so that the vertical distance 
from hoop to hoop, or from one loop of the spiral to another, 
will not be greater than one-fourth the diameter of the 
enclosed column. In this case, this m.aximum distance 
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would be 22Xi = 5i inches. If hoops are used, the volume 
of the steel in each hoop is 5J X 3.7 = 20.35 cubic inches. As 
the circumference of the hoop is 69 inches, the sectional area 
of each hoop must be 20.35 -^69= .2949 square inches. The 
nearest size of round rod that can be easily obtained on the 
market is the f rod. The values given for the spacing and 
the size of the hoops are the limiting values. Safer values 
may be used if considered necessary. 

67. Combined Keinf or cement. — Sometimes, both 
hooped and longitudinal reinforcement is used. The hoop- 
ing must not be considered as before, but if more than 1 per 
cent, and less than 4 per cent, of longitudinal bars is used, 
the Joint Committee will allow stresses in the concrete 45 per 
cent, greater than when no hooping is used; that is, a unit 
stress of about 650 pounds. 

68. As an example, design a round column to carry 
75 tons. Use 3 per cent, of longitudinal bars. The total 
load on the column is 75x2,000=150,000 pounds. Substi- 
tuting correct values in formula 3, Art. 59, it becomes 
150,000 = 650 {A,+ l5xAs) = 650A, (H-.45). Therefore, A, 
= 159.2 and Aj = 4.776. The total area inside the hoop 
reinforcement, then, is about 164 square inches. This corre- 
sponds to a diameter that is a trifle less than 14.5 inches. 
By adding 2 inches outside the reinforcement, the diameter 
of the column is 18.5 inches. The rings must have a volume 
of at least 1.64 cubic inches for every inch in the height of the 
column. 

The values used throughout these column problems are 
recommended by the Joint Committee. They are based on 
concrete that will gain an ultimate strength of 2,000 pounds 
per square inch in 28 days, when tested as specified before. 
They are somewhat high and may be reduced to suit the 
building laws of various cities or the judgment of the 
engineer. 



§ 18 AND COLUMN DESIGN 65 



EXAMPLES FOB PRACTICE 



1. Design a hooped column that has no longitudinal reinforce- 
ment, to carry 62^ tons. jDiam., 21 J in. 

[Metal per in., 2.31 cu. in. 

2. Design a hooped column having in addition to the hoops 2^ per 
cent, of vertical reinforcement, to carry 80 tons. 

{Diam., 19|- in. 
Area of longitudinal reinforcement, 4.48 sq. in. 
Hooping per in. of height, 1.79 cu. in. 



ECCENTRICALLY LOADED COLUMNS 

69. The methods of design just considered are for columns 

centrally loaded. Sometimes the column is not centrally 

loaded, in which event extra precautions must be taken. 

In ordinary building construction, where beams frame in 

opposite sides of a column, the column will be centrally loaded 

if both beams are loaded evenly. However, if one beam 

carries a large live load and the other beam does not, the 

loaded beam will deflect. This deflection will cause the column 

to bend. If the beams on each side and the columns have 

about the same rigidity, the bending moment in the column 

W I 

both above and below the beam will be about , in which 

48 

W is the live load and I is the span. In the lower stories of a 

building, there will probably be such heavy loads from the 

stories above that the bending caused by the floorbeam is 

insignificant when compared with the concentric load from 

the superimposed columns. In the upper stories, however, 

this effect will be more noticeable, and should therefore always 

be borne in mind. The wall columns of a building offer still 

greater difficulties in calculation. Sufficient steel should be 

used and low unit stresses employed. If doubt exists about 

the safety, it should be investigated for bending. 

70. The wind also causes stresses in columns. If the 
building is comparatively low and wide, or is protected, these 
stresses are either small or absent ; but if the building is unpro- 
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tected from the wind and is narrow, the wind stresses must 
be considered. Brackets under beams and girders are largely- 
used to stiffen the joints of a structure against wind. 

There is probably no exact way to calculate the stresses 
caused by the wind. The following formulas, however, which 
are based partly on an analogy of conditions to those in a 
steel building, will serve at least to indicate that wind stresses 
are present and of importance: 

C = ^ (1) 

M = :^ (2) 

4 

A diagram of the building is shown in Fig. 12. At a is 
shown the column under investigation. P is the total wind 
pressure over a surface whose height is x and whose width is 
the distance between two bays; y is the clear 
height of one story; and w is the distance from 
center to center of columns. C is the total con- 
centric tension or compression put in the column 
by the wind, and M is the bending moment in 
the column. The wind also causes in the cross- 
girders a bending moment of about the same 
amount. 



-w 



71. An approximate method of design that 
will probably give safe results for a reinforced 
Fig. 12 column that is eccentrically loaded is as follows: 
First, assume a column section. Then find the stress in the 
concrete and the steel due to compression, and next the stress 
in the concrete and the steel due to bending. Add the two 
stresses in the concrete thus found, and also add algebraically 
the two stresses in the steel thus found. The total stresses in 
the concrete and the steel thus obtained must be below the 
safe allowable stress for these materials. As this method is 
approximate, it will be well always to use low unit stresses. 
It is evident that hooped columns cannot resist tension on 
the side of the column opposite the eccentric load. 
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72. An example will serve to bring out these points. 
The column shown in Fig. 13 (a) carries two loads, one con- 
centric and one eccentric, as shown. The column is of the 
size and design shown in the section (b). What stresses are 
produced ? 

First, the direct pressure will be found. It must be remem- 
bered that the outside IJ inches of concrete is for fireproofing 

purposes only. Therefore, the [. ya" 

total efEective area of the col- 
umn is 22 X 39 = 858 square 
inches. For the reinforcement 
shown, A^ = 6 X 2.25 = 13.50 
square inches. Therefore, A^ 
= 858 - 13.50 = 844.5 square 
inches. The total load W is (50 
-1- 25) X 2,000 =150,000 pounds. 
Substituting correct values in 
formula 3, Art. 59, it becomes 
150,000 = 5, (844.5-t- 15X13.50). 
Therefore, 5<;=143 pounds per 
square inch, compression, and 5^ 
= w 5^=15X143 = 2,145 pounds 
per square inch, compression. 

The moment caused by the 
eccentric load may be taken at 
36X25X2,000=1,800,000 inch- 
pounds. Using the notation 
employed in connection with 
beams, and remembering to de- 
duct for the fireproofing, p = 
4X2-25 ..01091;^' 2X2.25 




37.5X22 
inches ; and 






37.5X22 

= .00545; d = 37.5 

d'= 1.5 inches. Therefore, according to formula 1, Art. 36, 



(b) 

Fig. 13 



fe = .^ /2 X 15 ( .01091-1- .00545 4- ~) -M52(.01091 -f .00545)^ 
- 15(.01091 -I- .00545) = .3824 
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From formula 2, Art. 36, 5^ = 
6X1,800,000 



.X3..[,.>«.-.3S..-^-(.SM-^)(.-, 



,90 X. 00545 /^„^, 1-5 \/i 1-5 

37.5 

= 245 pounds per square inch 

From formula 3, Art. 36, 

1 "^824 

5^= 15X245X '■ =5,935 pounds per square inch 

.3824 

From formula 4, Art. 36, 

.3824- — 
37 5 

5 '=15X245 X ^ = 3,291 pounds per square inch 

.3824 

Thus, the greatest compression in the concrete is 143 + 245 
= 388 pounds per square inch, and the greatest tension iii the 
steel is 5,935 — 2,145 = 3,790 pounds per square inch. The 
greatest compression in the steel is 2,145 + 3,291 = 5,436 
pounds per square inch. These stresses are low and there- 
fore the column is apparently safe. If the stresses are con- 
sidered too high, a larger section of column must be assumed, 
and the stresses must be refound. If the stresses are con- 
sidered too low, a smaller section may be investigated. 

73. There are some inaccuracies in the foregoing investi- 
gation that must not be overlooked. In the first place, 
owing to the fact that there is more steel on one side of the 
column than on the other, the central load is not absolutely 
central with respect to the resisting column surface, because 
the column is raore rigid on one side than on the other. 
Often, the column is designed with the same quantity of 
steel on both sides. This tends to reduce this defect. Then, 
the moment of the eccentric load was taken about the center 
of the column. Bending really occurs about the neutral 
axis. This neutral axis, however, is not in the same place 
as was found for beams, because the neutral axis is the line 
along which there is no stress and the direct compression in 
the column would shift this line. A third inaccuracy is 
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caused by the column bending out of plumb. This would 
have the effect of increasing the lever arm of the eccentric 
load. However, the column should be so short in com- 
parison to its length that this deflection is negligible. Still 
another defect is that the space between the rods on the 
compression side is so wide that it is doubtful whether the 
column would act exactly as a double reinforced beam under 
bending. Lastly, the exact distribution of stress in the 
column is unknown. For all these reasons, eccentrically 
loaded columns cannot be investigated exactly and should 
not be used if they can be avoided. In any case, low unit 
stresses should be employed. The design of columns so 
loaded depends a great deal on experience, and they are not 
recommended to be used in important work. 

In eccentrically loaded columns, particular attention must 
be paid to the wiring together of the rods. Here, the wires 
are used to prevent the bars from bulging, and they also act 
as stirrups to take up shear and diagonal tension. A reason- 
able amount of hooping will often answer the purpose. This 
hooping in such a case should not be considered as enabling 
the concrete to carry any more load. 



EXAMPLES FOK PRACTICE 

1. A column carries a concentric load of 10 tons and an eccentric 
load of 30 tons. The distance from the eccentric load to the center 
of the column is 3 inches. The column is 28 inches square and is 
reinforced by four if -inch square bars. One of these bars is placed 
at each corner so that the center of each bar is 2-J- inches from the two 
nearest column faces. Find, approximately, the stresses produced, 
considering that the outside ij inch of the column is simply a fire- 
proofing. I No tension 

Ans.-j s^ =145 lb. per sq. in. 
I s/ = 1,566 lb. per sq. in. 

2. A column is 20 inches square. It contains four rods l^- inches 
square. These rods are placed one at each corner, 2-5 inches from 
each face. It carries a load of 10 tons placed 20 inches from the 
center of the column. The outside Ij inches is considered to be effect- 
ive only as fireproofing. What approximate stresses are produced? 

f Compression in concrete, 302 lb. per sq. in. 
Ans.-S Compression in steel, 3,912 lb. per sq. in. 
[Tension in steel, 5,411 lb. per sq. in. 
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In columns where the eccentricity is so small as to cause 
no tension in the concrete, the following approximate method 
will give probably closer results than the one just given. The 
same notation is used as with double reinforced beams. 
Also, h equals the width of the column from face to face after 
the fireproofing has been deducted, measured in the direction 
of the eccentric loads. By transformed section is meant the 
column section in which the steel is replaced by n times its 
area in concrete. First the centroid or center of gravity of 
the transformed column section must be located. If u is the 
distance from the centroid to the compression face after the 

P." f. ■ A ^u ^ + npd + np'd' 

nreproonng is removed, then u = ^ . ihe 

1 + n p + n p' 

moment of all the loads, whether in the geometrical center 

of the column or not, must be taken about the axis through 

this centroid. Let this moment be called M. Let Af be 

the area of the transformed section, and I the moment 

of inertia of this section. Then A^ = b h + n (A + A') 

and I = ib{u^+{h-uy] + n A {d-uY + n A' (u-d'y. The 

, , , . ■ ■ ,u , ■ W , Mu 
total maximum compression m the concrete is 5^ = 1 

Af I 

where W is the total load. When is greater than — 

I At 

tension exists and the previous method must be employed. 

As an example, assume a column with the fireproofing coat 

removed. It is then 21 inches square and carries 8 square 

inches of steel 1 inch from the face farthest from the eccentric 

load and 2 square inches of steel 1 inch from the other face. 

It carries 20,000 pounds placed in the center of the column, 

that is, 10-|- inches from each face, and 10,000 pounds 3 inches 

nearer the face where the 2 square inches of steel are located. 

Find the stresses produced. In this case m=15, A = 8, y4' = 2, 

d'=l, d = 20, fe = 21, and 6 = 21. Then p = ~, not — , as in 

bh b d' 

beams, since the entire section is considered. * = - 

21X21 
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= .01814059 and *' = — — = .00453515. Therefore, 
21X21 

V+15X. 01814059X20+ 15X. 00453515X1 ^^ n,^ ■ 
u = — =11.947 m. 

1 + 15 X .01814059 + 15X .00453515 
20,000 pounds is 10^ inches from the compression face. 
Its moment arm is therefore 11.947—10.5=1.447 inches. 
The other load is 10^ — 3 = 7^ inches from the compres- 
sion face. Its arm is therefore 11.947 — 7.5 = 4.447 inches. 
The value of M is therefore 1.447X20,000 + 4.447X10,000 
= 73,410 inch pounds. Then A( = 21X21 + 15 (S + 2) = 591. 
Also, / = i X 21 [11.947=' + (21 - 11.947)^] + 15 X 8 (20 
-11.947)^+15x2 (11.947-1)^=17130.12 + 7783.30 + 3595.10 
= 28508.52. Therefore, .. = 30^ + 73,410X11.947 ^ ^^^^ 

591 28508.52 

+ 30.76 = 81.52 pounds. As 50.76 is greater than 30.76, no 
tension exists. Since the entire column is in compression, 
the steel will always be safe. The above method, as was 
stated, is only applicable to cases where there is no tension 
and is in that case even only approximate, so low stresses 
should be used. 
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EXAMINATION QUESTIONS 

Note. — To obtain results that will agree with those given in the 
text for reinforced-concrete beams and columns, use the stresses and 
the value of n recommended by the Joint Committee. For plain 
beams and columns, use the values given in the tables in the text. 
In many cases, the work is shortened by using the approximate 
values of f and f for j and k, respectively. 

(1) Design a floor slab, using the critical amount of rein- 
forcement, to carry a load of 400 pounds per square foot on 
a span of 9 feet. The load includes the weight of the slab 
itself. \d=Q.lQ, say Q\, in. 

Ans.'j Under the slab, put 1 in. of concrete 
[Area of steel per ft., .57 sq. in. 

(2) Design a beam, using the critical amount of reinforce- 
ment, on a span of 12 feet and to carry a load of 1,000 pounds 
per foot. This load includes the weight of the beam. Assume 

{A = 1.038 sq. m. 

(3) A rectangular beam carries a load, including its own 
weight, of 8,000 pounds per foot on a span of 16 feet. Assu- 
ming that 6 = 20, d = 40, and A = 7 square inches, what stress 
is produced in the concrete and in the steel? 

(5^=12,647 lb. per sq. in. 
'lsj=557 lb. per sq. in. 

(4) If the beam in question is one of the middle spans 
of a continuous beam and is so considered, what safe load per 

§ 18 
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foot, including its own weight, will it carry uniformly dis- 
tributed if neither the stress in the concrete nor the steel 
may exceed the values recommended by the Joint Com- 
mittee? Ans. 14,012 1b. 

(5) Design a square column to support a load of 6 tons 
having an eccentricity of 2 inches. The column is to be made 
of 1-2-4 plain concrete 6 months old, with a factor of safety 
of 10. Do not allow for extra concrete for fireproofing. 

Ans. lOi in. square 

(6) A plain-concrete column is 14 inches in diameter. 
It supports a concentric load of 10 tons and an eccentric 
load of 3^- tons. The eccentricity is 6 inches. What is the 
maximum stress produced in the concrete ? 

Ans. 331 lb. per sq. in. 

(7) Design a square pier that will carry a load of 12 tons 
with a factor of safety of 10. The pier is to be made of hard, 
sand-struck brick laid in 1-5 cement mortar. 

Ans. 14i in. square 

(8) A column 12 inches in diameter is made of Vermont 
marble. What load will it take to cause failure? 

Ans. 1,130,980 lb. 

(9) A beam made of 1-2-4 damp gravel, plain concrete 
4 weeks old is 12 inches deep and 10 inches wide, and is on a 
6-foot span. What total load per foot will be required to 
break it? Ans. l,893i lb. 

(10) Design a slate beam 12 inches deep to carry a load 
of 2,000 pounds concentrated at the center. The span is to 
be 9 feet and a factor of safety of 15 is to be used. Neglect 
the weight of the beam itself in the solution. Ans. 6f in. 

(11) A rectangular beam must be designed to carry 
1,000 pounds per foot besides its own weight on a span of 
19 feet 6 inches. Design the beam to the nearest half inch. 
Make the beam 12 inches wide. |(i=24.5 in. 

Ans. I Total depth, 26 in. 
[a =2.26 sq. in. 
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(12) In a T beam, the slab is 8 inches thick. The depth 
of the beam from the top of the slab to the center of the rein- 
forcement is 30 inches and the width of the beam part, that 
is b', is 14 inches. The beam is on a 30-foot span, and it 
carries a load of 2,000 pounds per foot, which includes its 
own weight. There is 6^ square inches of steel in the beam. 
What stress is produced in the concrete and in the steel ? 

f5,= 15,104 lb. 



^"'■U = 336 1b. 

(13) In a T beam, the flange is 4 inches thick. The beam 
is on a 22-foot span and carries a load of 1,600 pounds per foot, 
which includes the weight of the beam. The value of d is 
18 inches, and of b', 14 inches. Find, by the approximate for- 
mula, how much steel is required and what stress is in the 
concrete and the steel. ^A =4.5375 sq. in. 

Ans.j 5, = 15,697 lb. 
[5^=566 lb. 

(14) A beam is limited by the conditions of a building to 
a width of 14 inches and a total depth of 30 inches. It is on a 
span of 32 feet and carries 1,500 pounds per foot, which includes 
its own weight. It is decided to keep all steel 2 inches deep 
in the concrete. Design the beam, using two and one-fourth 
times the excess steel in the top, and find what stresses are 

A = 5.878 sq. in. 
A' = 6.444 sq. in. 



in the concrete and in the steel. 

Ans 



5, = 605.3 lb. 
5,= 15,486 lb. 
5/ = 7,326 lb. 



(15) A double reinforced-concrete beam is 20 inches wide 
and 22 inches deep. It carries a load, which includes its own 
weight, of 2,000 pounds per foot on a span of 25 feet. It 
has 8 square inches of steel in its top and 8 square inches of 
steel in its bottom. The steel in both cases is 2 inches from 
the surface of the beam. What stresses are produced? 

[5, =614.95 lb. 
Ans. -{5, =13,273.9 lb. 
[5/ = 6,974.4 lb. 
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(16) A column is 16 inches on a side and contains 5 square 
inches of steel. What load will it safely carry, provided due 
allowance is made for fireproofing? Ans. 107,550 lb. 

(17) Design a square column having 3 per cent, of longi- 
tudinal reinforcement and the proper fireproofing to carry 
safely 270,000 pounds. \As= 12.4 sq. in. 

' IColuran, 24 in. square 

(18) If at least 1 per cent, of hooping and 3 per cent, of 
longitudinal reinforcement are used in a column, what diam- 
eter must it have to carry 270,000 pounds, allowing for fire- 
proofing the metal? Ans. 23§ in. 

(19) A column is 24 inches square. In each corner a 
If-inch square bar is so placed that the distance from the 
center of each bar to the surface of the concrete on the two 
adjacent sides is 4 inches. It carries a concentric load of 
30 tons and an eccentric load of 20 tons. The eccentricity 
is perpendicular to one side and is 14 inches. Making 
due allowance for fireproofing, what probable stresses are 
produced? f^^ =416 lb. per sq. in. 

Ans.-J5j =4,957 lb. per sq. in. 
[5/ = 3,259 lb. per sq. in. 

(20) A reinforced floor slab is on a span of 12 feet. It 
carries besides its own weight a load of 600 pounds per square 
foot. Design the slab in the most economical manner. 

rSlab, 12-^ in. thick with 1.04 sq. in. of steel 
1 every foot, placed 1 in. from the bottom 

(21) A beam has values of 6=12 and d=18. It must 
resist a bending moment of 380,000 inch-pounds. How much 
steel is approximately required? Ans. A = 1.508 sq. in. 
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